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Abstract

Non-destructive, non-contaminating, and relatively simple procedures can be used to measure the bulk density,

grain density, and porosity of meteorites. Most stony meteorites show a relatively narrow range of densities, but

differences within this range can be useful indicators of the abundance and oxidation state of iron and the presence or

absence of volatiles. Typically, ordinary chondrites have a porosity of just under 10%, while most carbonaceous

chondrites (with notable exceptions) are more than 20% porous. Such measurements provide important clues to the

nature of the physical processes that formed and evolved both the meteorites themselves and their parent bodies. When

compared with the densities of small solar system bodies, one can deduce the nature of asteroid and comet interiors,

which in turn reflect the accretional and collisional environment of the early solar system.

r 2008 Elsevier GmbH. All rights reserved.
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1. The study of meteorite density and porosity

1.1. Introduction

On Earth, a geologist can take samples in situ,

recognizing the stratigraphic relationship between

neighboring samples, and then measure the chemical

and physical properties of those samples in the lab. For

studying the solar system, an analog of a stratigraphic

sequence can be found in the compositions and orbital

locations of small solar system bodies, which represent

the relatively unprocessed material from which the

major planets were formed. There are two major sources

of information on the compositional diversity of the

small bodies of the solar system: remote information

from telescopic observations of asteroid, comet, and

Trans-Neptunian object (TNO) mineralogy, and direct

samples of meteorites that have fallen from the asteroid

belt onto Earth, and into our labs.

The 44 compositional types, subtypes, and meta-

morphic grades of meteorites represent an invaluable

resource of ‘‘free’’ geological material from asteroids

that sample their mineralogy, geochemistry, and small-

scale structure as well as textural and isotopic evidence

of their origin and evolution. Their chemical study has

been going on with a remarkable intensity since the

Apollo era, coinciding with the development of highly

precise devices such as scanning electron microscopes

(SEMs)/microprobes and mass spectrometers, which

have allowed ever finer measurements of chemical and

isotopic compositions to be made at ever higher

resolution on ever tinier samples. But until recently,

the measurement of the physical properties of these

samples has not been pursued with the same vigor. Here
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we review recent efforts to correct that imbalance, and

show how these meteorite physical properties, in

particular density and porosity, can be tied to recently

determined asteroid physical properties. This study can

lead us to a deeper insight into the structure of the early-

forming solar system itself.

1.2. Density and porosity

Density, mass per unit volume, is one of the

fundamental properties of matter. Only a limited

number of parameters control a rock’s density: its mass

is determined by the atomic masses of the elements that

make up a rock, while its volume is a function of the

physical arrangement of those elements into crystalline

forms, as modified by whatever flaws exist in that

arrangement of elements that could cause the rock’s

density to deviate from a theoretical value. These flaws

can include dislocations within the minerals (which in

practice have a negligible effect on density), the

incomplete compaction of the individual crystals in the

rock, or disruptions of the fabric of the material by

events such as thermal stresses or the passage of shock

waves. All such voids and cracks are generally referred

to as porosity.

The common way to determine the porosity of an

object is by measuring its bulk volume Vb and grain

volume Vg. Grain volume measures only the volume of

solid matter in the sample, while bulk volume is based

on overall dimensions and includes volume contribu-

tions from any cracks or voids that are present within

the sample. Porosity is then calculated as follows:

P ¼ 1"
V g

Vb

! "

# 100%.

Alternatively, if bulk density rb ¼ Mm/Vb (where

Mm is the mass of the meteorite) and grain density

rg ¼ Mm/Vg are determined, porosity can be cal-

culated by

P ¼ 1"
rb

rg

 !

# 100%.

Like density, mineralogy is also a function of the

composition and arrangement of atoms within a

substance. But while mineralogy and density both

depend on the same variables, there is not a unique

mapping between them. Different minerals can have the

same densities, while a given mineral can be a solid

solution of different cations (such as Fe and Mg) and

thus exhibit a range of different densities. Still, most

meteorites have a relatively simple mineralogy, fixed by

the equilibrium chemistry of elements whose relative

abundances are usually not too different from solar

abundances, formed at relatively uniform (and low)

pressures and temperatures. Thus one might expect that

a meteorite’s density could provide at least a zeroth-

order indication of its mineral composition.

Britt and Consolmagno (2003) reviewed the measure-

ment of meteorite densities that had been measured

through the year 2001. Until the 1950s, most meteorite

density values were found casually as a part of the

description of individual falls. In most of those cases, the

authors did not outline the method used to make the

measurement, presumably using the standard geological

technique of weighing the sample first in air and then

suspended in water. This method gives a quick estimate

of the bulk density of the sample, but does not take into

account any penetration of the water into the pore space

and, of course, carries with it the risk of contamination

and weathering that can result from dipping meteorites

into water.

The first systematic study of meteorite porosity was

presented by Keil (1962), although earlier papers by

Alexayeve (1958) and Stacy et al. (1961) had published

porosities for six and eight meteorites, respectively. Keil

measured 48 meteorites with the uniform technique of

immersion into water to find a bulk density, and into

carbon tetrachloride (taking steps to insure that it

saturated the pore spaces) to find the grain density. In

1960s Brian Mason also measured the grain densities of

70 meteorites with carbon tetrachloride, but most of

these were not published until the Britt and Consol-

magno (2003) compilation.

After a gap of 20 years, a new series of density and

porosity measurements were conducted in the 1980s. At

the National Institute for Polar Research in Japan, 40

meteorites from their Antarctic collection were mea-

sured for density and porosity (Matsui et al., 1980;

Miyamoto et al., 1982; Yomogida and Matsui, 1981,

1983), while researchers at the Geological Survey of

Finland measured bulk densities (and, in some cases

grain densities and porosities) for the largest sample set

up to that time, 489 pieces (most of them only a few

grams) of 368 different meteorites (Kukkonen and

Pesonen, 1983; Terho et al., 1993; Pesonen et al.,

1993); a similar, if smaller, study was carried out in

Leningrad (Guskova, 1985).

The first measurements of meteorite bulk densities

using glass beads instead of water (see below) were

reported by Consolmagno and Britt (1998). Since then, a

combination of glass bead (or digital imaging) and gas

pycnometry methods have been used by us and a

number of other workers (Flynn and Klock, 1998;

Moore et al., 1999; Flynn et al., 1999; Wilkison and

Robinson, 2000; Kohout et al., 2006; Smith et al., 2006;

McCausland et al., 2007) to measure meteorite densities

and porosities.

Besides volume measurements, other techniques for

determining porosity directly include point-counting

void spaces visible in SEM backscatter images or

inferring porosity from the measurement of sound
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speeds within the samples (Corrigan et al., 1997; Britt

and Consolmagno, 2003; Strait and Consolmagno,

2002a, 2005).

As of the end of 2007, our combined database of

published and, when made available to us, unpublished

measurements has densities for 490 different meteorites,

including 365 ordinary chondrites, 52 carbonaceous

chondrites, 14 enstatite chondrites, 50 achondrites, and

nine stony-irons. This represents measurements on more

than 1200 different samples. However, far less than half

of these meteorites have been measured in a common,

uniform, and reliable way for both bulk and grain

densities to provide accurate porosities. Thus there

still remains a significant need for further measure-

ments, especially for meteorites other than ordinary

chondrites.

1.3. Measuring bulk volume

For irregularly shaped samples (typical of meteorites),

measurement of bulk volume poses numerous chal-

lenges. Cutting an irregular rock can produce a shape

whose volume can be easily calculated geometrically,

but it has always been desirable to measure the volume

of a sample without altering or destroying it in the

process. The classical way to measure the volume of an

irregularly shaped object is to immerse it in an incom-

pressible fluid and then measure the volume of the

displaced fluid. A variation on this technique is to weigh

the sample first in air, and then suspended in water;

from the difference in the weights, resulting from the

buoyancy of the sample in water, the density of the

sample relative to water can be determined.

However, there are many problems involved in

immersing a meteorite in any fluid, especially water.

First, the fluid may chemically react with the meteorite,

thus altering it, which is particularly problematic with

water. Second, the fluid may leave residues on the

sample which may be difficult or impossible to remove

and could complicate or invalidate any future analysis

of the meteorite. Finally, pore space may be permeable

to fluids to an unknown degree; certainly, the longer a

sample is immersed, the more the fluid penetrates the

pore space and the less reliable the result becomes as a

measure of bulk volume. Some workers have attacked

the bulk volume measurement problem in other, more

creative ways (see summary in Britt and Consolmagno,

2003). One method is to pack the meteorite in clay and

form the clay into a shape whose volume is easily

determined. The meteorite is then removed, the clay is

remolded, and its new volume measured; the volume of

the meteorite is the difference between the two measured

volumes. This approach leaves clay on the meteorite

which may be difficult to remove and has the potential

for reactivity and contamination. One can first wrap the

meteorite in a thin plastic sheet to protect the meteorite,

but this distorts the volume measurement, especially for

small samples.

If the sample is a slab, its volume can be estimated by

calculating the area of a face (through pixel counting on

a digital photograph or through other methods) and

multiplying by the slab thickness. However, if the

opposite faces are not perfectly parallel, the varying

thickness across the slab must be taken into account.

Generally, unless the slab has also had its edges cut, the

edges are irregular and do not run perpendicular to the

faces. This limits the precision of volume measurements

made this way.

Smith et al. (2006) and McCausland et al. (2007) are

developing three-dimensional (3-D) laser imaging tech-

niques for measuring volume. Their work has produced

results consistent with other methods and is scalable to

accommodate large and small fragments (down to

$1 cm3). However, currently this method requires

15–30min to scan a meteorite and 2–4 h of labor-

intensive, skilled processing to reduce the data and

achieve a single measurement, making it impractical for

use on large numbers of samples.

Consolmagno and Britt (1998) outlined a method in

which small ($40 mm diameter) glass beads serve the

same function as an incompressible Archimedean fluid.

Because the beads are solid rather than liquid, they will

not leave residue, and since glass is chemically stable

they have no chemical reactivity. The size of the beads is

large relative to the scale of meteorite pores, so unless

the pores are unusually large, intrusion into pore space

is not a problem. Another appeal is the fact that the

beads, manufactured in bulk for industrial use, are

available cheaply and in large quantities. The ‘‘bead

method’’ is a quick, reliable, non-destructive method for

bulk volume measurement that is rapidly finding uses in

fields beyond meteoritics.

The procedures for the glass bead method are quite

similar to those employed for fluids. First, the density of

the beads is determined by filling a flat-topped cup of

known volume with beads and measuring the mass.

Before massing, the beads are encouraged to settle,

either by vigorous shaking of the cup (a mechanical

vibrating platform on a timer is often used) or by

tapping the sides of the cup, and the beads are leveled

flush with the top of the cup by scraping off the excess.

To obtain good statistics for determining measurement

uncertainty, this measurement is repeated several times,

generally 10 times or more. Once the density of the

beads has been determined in this way, the meteorite is

placed in the cup, the beads are reintroduced, and the

process is repeated. (Following the measurement,

residual beads are removed from the meteorite’s surface

with a clean soft-bristled brush.) To minimize variations

in the packing density of the beads, the same cup

and settling method are used. From this second
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measurement, the volume of beads can be calculated,

and from that, the bulk volume of the meteorite is

determined.

The bead density (rB) is

rB ¼
MT0 "Mc

V c

,

where MT0, the total mass (cup plus beads) without

meteorite, Mc is the mass of the cup and Vc is the cup

volume.

The bulk meteorite volume (Vbm) is

Vbm ¼ V c "
ðMTBm "Mc "MmÞ

rB

# $

,

where MTBm is the total mass (cup plus beads plus

meteorite) and Mm is the meteorite mass. The term in

brackets represents the volume of beads when the

meteorite is submersed in the cup.

Solid powders do not behave precisely like a perfect

Archimedean fluid in either their flow or settling

properties, which results in variations in the average

density of the ‘‘Archimedean fluid’’ from measure to

measure, although this is mitigated slightly by the

uniform spherical shape of the beads. In part due to

small variations in bead size, the beads do not generally

pack in the optimal arrangement. Further compression

is possible, especially under the compressing influence of

a large (450 g) meteorite. This problem has been

noticed especially in cases where the meteorite samples

were slab-shaped. To reduce this effect, two methods

have been employed. One is to pre-compress the beads

by vigorous shaking of the cup, forcing the beads to

settle. Results of comparable quality can be obtained by

employing a method designed to minimize compression;

the cup is not shaken at all, but rather tapped gently on

the side with the bristles of a brush just enough to cause

the beads to flow into any remaining gaps. Another

experiment in progress involves tightening the size

sieving of the beads to minimize size variation. Signi-

ficant variations in results have been also observed due

to inconsistencies in the pouring technique employed.

With practice, however, quite reasonable levels of

repeatability have been achieved.

Environmental factors such as humidity also affect

the packing behavior of the beads. While it is generally

ideal to use the smallest available bead size to better

approximate a fluid, the increased surface-area-to-

volume ratio makes small beads more susceptible to

clumping and other effects caused by atmospheric

moisture condensing on their surfaces. This reduces

the ability of the beads to flow evenly into gaps between

the meteorite and the cup. It has often been observed

that a container of beads left sitting for a period of time

forms a thin surface crust. To minimize these effects, the

beads need to be stirred, sifted or poured a few times

before use.

Experience has shown that error is minimized by

using the smallest cup into which the meteorite can fit.

Measurement of the volume of the cup itself is crucial,

since the meteorite volume is determined by subtracting

a quantity from the cup volume. Uncertainties in

meteorite volume cannot be significantly better than

uncertainty in cup volume. The most common way to

measure the volume of a cup is to fill it with fluid

(usually water) and then determine the volume of fluid

by weighing the filled cup; but most fluids produce either

a concave or convex meniscus that throws off the

measurement. Another method is to measure a sample

whose volume can be measured independently (such as a

large glass marble) and solving the equation above for

Vc, the volume of the cup.

With these methods we have found that it is difficult

to measure a sample volume to a precision greater than

1 cm3. Though this is sufficiently small for larger

samples, this error becomes quite significant when

attempting to measure meteorite volumes that are less

than 10 cm3, i.e. for samples smaller than about 35 g

assuming a typical meteorite density of 3.5 g/cm3.

1.4. Measuring grain volume

The most effective method for measuring grain

volume is ideal gas pycnometry. It takes advantage of

the ideal gas law to determine meteorite volume. Helium

gas offers the greatest advantage because the He atom is

so small that it will quickly and easily penetrate any

cracks in the sample, and because He is chemically

inert.

Typically, two sealed chambers of known volumes are

connected through a valve. The meteorite is placed in

one chamber, which then has He introduced into it while

the connecting valve is closed. The second chamber is

held at a different pressure from the first chamber. The

simplest procedure is to raise the pressure of the

meteorite’s chamber to well above ambient room

pressure (typically a pressure near 1.5 atm is used); then

the second chamber may either be evacuated or simply

be purged with He and maintained at the local ambient

pressure. After pressure in the first chamber is measured,

the valve is opened, allowing the gas to flow into the

adjacent chamber until pressure in both chambers has

equalized. In the case of previously evacuated chambers,

the ideal gas law dictates the relationship between

pressure and volume:

PiðVA " VgmÞ ¼ Pf ðVA þ VB " V gmÞ,

where Pi and Pf are initial and final pressure,

respectively; VA and VB are volumes of the two

chambers, respectively (where chamber A is the one

containing the meteorite); and Vgm is the grain volume

of the meteorite. Solving for the grain volume of the
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meteorite yields:

V gm ¼ VA "
Pf

ðPi " Pf Þ
VB.

For the case where the second chamber is initially at

atmospheric pressure rather than evacuated, local

atmospheric pressure must be taken into account, but

this can be easily accommodated by measuring all

pressures as overpressures relative to atmospheric rather

than as absolute pressures. With pressures measured this

way, the calculations are identical to that for an

evacuated chamber.

For hand-sized samples, evacuation of the second

chamber is not necessary in order to obtain reliable

measurements. A typical commercial pycnometer

(Quantachrome) yields grain volume measurements

repeatable to within $0.02 cm3 without employing a

vacuum pump.

Indeed, for meteorites it is preferable to avoid using a

vacuum pump, because there is always the chance of

sample contamination originating from the pump itself.

Worse, the removal of moist terrestrial air from the

interior of the meteorite has been seen in the case of CI

chondrites to promote the migration of water-soluble

compounds from the interior of the meteorite, thus

accelerating terrestrial weathering (Gounelle and Zo-

lensky, 2001). In addition, the chamber would need to

be evacuated with each new sample, adding to the time it

takes to complete the measurement.

2. Meteorite density and porosity data

2.1. Ordinary chondrites

Ordinary chondrites represent by far the most

numerous type of stony meteorite, both in fall and find

statistics, representing 74% of all meteorites seen to fall

and 92% of those found in the relatively unbiased

Antarctic collections (McBride, 2002). Likewise, they

are the set of meteorites most widely measured for

density and porosity, with density data reported for 860

samples of 365 different meteorites, and reliable

porosities for 131 meteorites. The average densities

and porosities for each group are tabulated in Table 1.

(Unless noted otherwise, the plus/minus values in this

section refer to variation from meteorite to meteorite,

not measurement error.)

A number of trends stand out. Not surprisingly, the

grain densities of freshly fallen ordinary chondrites

closely follow the iron content, with H chondrites more

dense than L and LL types, completely consistent with

their mineralogy. We note that for fresh falls, grain

density alone can distinguish between H and L types,

but there is a significant overlap between the L and LL

classes. Bulk densities also decrease with decreasing iron

content, but with more overlap among the different

classes. Variations in porosity from sample to sample

show up as differences in bulk density, of the same order

as the differences due to iron composition from H to L

to LL classes, thus blurring the differences due to

iron content.

The grain densities of finds (not counting Antarctic

finds) are significantly different from the grain densities

of falls. For example, among the H class finds, the grain

density is only 3.55 g/cm3; for L chondrites, it drops to

3.41 g/cm3. Given the typical error of 0.1 g/cm3 in the

measurements, for finds density is no longer a robust

discriminant between H and L class meteorites. (Too

few LL meteorite finds have been measured to make any

statistically significant statement, but the few data

points in hand also follow this trend.) Notably, the

average grain densities of Antarctic finds is similar to

that of fresh falls.

Given grain and bulk densities, porosities can be

computed. The average porosity measured for all

ordinary chondrite falls is 7.475.3%, with L chondrites

tending to be slightly less porous than H and LL

chondrites. However, among finds, the average porosity

is only 4.475.1%, a spread from sample to sample that

ranges from fall-like porosities down to zero porosity.

These density and porosity trends are consistent with

weathering studies of ordinary chondrites. One would

expect that weathering could occur rapidly at first, as

moisture enters the sample through the microcracks that

we detect as pore spaces. For ordinary chondrites, the

weathering product is primarily iron oxides produced by

the reaction of terrestrial oxygen with the abundant

small metallic grains characteristic of these meteorites.

The oxides of iron (typically goethite) are about half as

dense as the original metal grains (3.3–4.3 g/cm3 for

geothite versus 7.6–7.8 g/cm3 meteoritic iron) and thus

expand into the pore spaces. Once the cracks are
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Table 1. Ordinary chondrite average densities (g/cm3) and porosities

Class Average grain

density (falls)

7 Average bulk

density

7 Average porosity

(falls) (%)

7

(%)

Average model

porosity (%)

7

(%)

H 3.72 0.12 3.42 0.18 7.0 4.90 9.9 4.7

L 3.56 0.1 3.36 0.16 5.6 4.70 7.5 4.3

LL 3.54 0.13 3.22 0.22 8.2 5.50 9.9 6.1
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completely filled, the grain volume matches the bulk

volume and the porosity goes to zero. At that point,

weathering can only proceed very slowly, as water and

oxygen can reach the remaining metal only by diffusing

through the minerals themselves. Bland et al. (1996,

1998), correlating the oxidation state of iron (as

measured by Mössbauer spectroscopy) with the terres-

trial ages of the samples, have observed just such a two-

stage transformation, first rapid then much slower, in

the ordinary chondrites.

If weathering products act first to fill void spaces

within the meteorite, one would expect that this first

stage of weathering at least should not significantly alter

the mass or outside shape of meteorites. If that is so,

then there should be essentially no difference between

the bulk densities of falls and finds. In fact, in our

database they are indeed identical. For H meteorites

falls, the average bulk density is 3.4270.19 g/cm3; for

finds, it is 3.4270.16 g/cm3. Among L meteorites, fall

bulk densities average 3.3770.18 g/cm3, while finds

average 3.3770.10 g/cm3. (Again, there are too few LL

meteorite finds measured to make statistically significant

statements.)

If weathering does not alter ordinary chondrite bulk

densities then model porosities can be calculated for

chondritic meteorites by assuming that their initial,

unweathered grain densities were identical within each

class, fixed only by their original pristine mineralogy,

while their bulk densities were unaffected by weathering

(Consolmagno et al., 1998). In this way the large

number of chondrite finds can be included in our

statistics. This also corrects for weathering within the

falls. (On average the difference between the model and

measured fall porosities is about 1% porosity.) And

since calculating grain densities removes the need to

actually measure grain densities, which requires more

elaborate equipment than the simple bead method for

bulk densities, using model porosities significantly

increases the number of meteorites for which porosities

can be derived and included in our statistical set.

Using the average modal mineralogy for the H, L, and

LL ordinary chondrites classes (McSween et al., 1991),

we calculate model grain densities of 3.78 g/cm3 for H

chondrites, 3.62 g/cm3 for L chondrites, and 3.57 g/cm3

for LL chondrites. With these values, model porosities

have been calculated for 324 ordinary chondrite

meteorites (Table 1). (By comparison, only 68 relatively

unweathered falls have had porosities measured di-

rectly.) McSween et al. (1991) also note a variation in

the composition, especially the metal content, among

meteorites within a given class; given their reported

variations, we estimate that these calculated grain

densities are good to plus or minus 0.03 g/cm3, and thus

the model porosities are accurate to 0.6% porosity.

What is most remarkable about the trends among

meteorite classes in model porosity is in fact the lack of

trends. The average model porosity for all ordinary

chondrites is 8.974.9%. For H chondrites alone, it is

9.974.7%; for Ls, 7.574.3%; for LLs, 9.976.1%. We

note that the L chondrites do appear on average to be

lower in porosity than the other groups, albeit with a

significant overlap (the plus/minus represents variations

in porosity from meteorite to meteorite, not uncertainty

in the measurements). Most remarkably, these average

porosities are uniform over sample mass, petrographic

grade, and nearly uniform with shock state (Figs. 1–3

and Tables 2, 3).

2.2. Carbonaceous chondrites

Carbonaceous chondrites are far less numerous than

ordinary chondrites, and their densities and porosities

far less well studied. In our database we have densities

for 52 different meteorites, but these are spread among

seven classes; only CM, CV, and CO meteorites have 10

or more meteorites with any sort of density measure-

ments. Furthermore, only 17 of those 52 meteorites have

hand samples that have been measured simultaneously

for both grain and bulk density, for which a porosity can

be derived. Thus only the most general of statements can

be made about their densities and porosities.

ARTICLE IN PRESS

Fig. 1. Model porosity (volume fraction) of ordinary chon-

drites as a function of sample mass, in grams. There is no

visible trend for the average porosity (the slope of a line fit to

these points is zero). More surprisingly, there is also no

obvious change in the spread of the data around the average

over this range of sample masses, indicating that the variation

in porosity from sample to sample is uniform across four

orders of magnitude in size. Pore spaces in these samples are

distributed homogeneously on a scale much smaller than the

smallest samples measured.
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Although carbonaceous chondrites come in a wide

variety of classes, in terms of densities they can be

divided into two groups (see Table 4). The higher-

density carbonaceous chondrites are the anhydrous

groups, such as the CV, CO, and CK meteorites, plus

the hydrated but metal-rich CR class. These meteorites’

grain and bulk densities lie within the range for ordinary

chondrites. The average grain density is 3.5070.15 g/

cm3, similar to that of L and LL chondrites; the average

bulk density of 2.9270.2 g/cm3 is about one sigma lower

than LL chondrites, not sufficiently different that one

could use bulk density alone to discriminate reliably

between the two groups.

Within these groups, however, there are significant

differences in porosities among the anhydrous C

meteorites. Five of the eight CV and CK meteorites

(the two classes are thought to be closely related)

measured in hand sample for porosity to date are more

than 20% porous, while five of the six CO meteorites

with measured porosities are under 15% porous.

Notably, all five of the low porosity CO meteorites

(along with the one CR with a reliable porosity, Acfer

097 – porosity 14%) are finds, while the one fall,

Warrenton, has a porosity of 26%. The higher porosity

of this meteorite is reflected in its higher grain density,

3.7 g/cm3 compared to 3.3–3.5 g/cm3 seen in the other

CO samples. Both trends are consistent with terrestrial

weathering products filling pore spaces in the CO finds.

Greenwood and Franchi (2004) have shown that

terrestrial weathering significantly alters the carbon

isotopes in CO meteorites, which they attribute to the

presence of carbonates formed by the evaporation of

carbonate-rich terrestrial water that has been taken up

by the meteorite (as first suggested by Ash and Pillinger,

1995). Presumably these carbonates are filling void

spaces in the meteorite, lowering its porosity.
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Fig. 2. Model porosity (volume fraction) of ordinary chon-

drites as a function of petrographic grade. There is no

difference in porosity across petrographic (metamorphic)

grades, indicating that the porosity was emplaced after the

samples experienced metamorphism. Fifty percent of the data

lie within the shaded bars, with the median indicated by the

horizontal line within the bar. The vertical ‘‘error bar’’ lines

above and below the shaded bars indicate the range of the

remaining upper and lower quartiles of the data, except for

three-sigma outliners indicated as individual points. The

number of meteorites measured for each petrographic grade

is indicated by the numbers above the bar.

Fig. 3. Model porosities of ordinary chondrites as a function

of shock state; data ranges are as described for Fig. 2, with the

number of data points in each shock state indicated above the

bars.

Table 2. Petrographic grade vs. model porosity

Petrographic grade Average model porosity (%) 7 (%)

3 9.2 3.5

4 9.3 4.0

5 9.7 5.4

6 8.1 4.6

Table 3. Shock state vs. model porosity

Shock state Average model porosity (%) 7 (%)

1 13.0 6.8

2 10.0 5.3

3 8.3 3.1

4 6.5 3.7

5 6.8 2.9

6 6.9 4.3
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However, such weathering has not had a similar effect

on the porosity of finds in other carbonaceous chondrite

classes. There is no distinction between the porosity of

falls and finds among the CV and CK class. Though

there is a notable spread in porosity in the CV class, the

meteorites with lower porosities are Leoville (13%),

a find, and Vigarano (6%), a fall; the other CVs

with reliable porosity measurements are Allende (fall,

23.075% based on 48 measurements) and Axtell (find,

2172% based on two measurements). The three

measured CK meteorites range in porosity from 21%

to 24%; two are falls, one a find.

Krot et al. (1995) have divided the CV class into

oxidized and reduced subgroups. The two high porosity

CVs, Allende and Axtell, are also members of the

oxidized group, while the two low porosity CVs,

Leoville and Vigarano, belong to the reduced subgroup.

MacPherson and Krot (2002) noted that reduced CV

meteorites appear to have been compacted in their

parent body and suggested that they ought to be

significantly lower in porosity than those of the oxidized

group. While the agreement of the data with this

suggestion is encouraging, we caution against making

any definitive statement about trends based on only four

samples. But we note, as seen in Table 4, that even when

one includes density data from other CV samples for

which porosity values are not yet available, the grain

densities of the oxidized CVs are still significantly

higher, and the bulk densities lower, than the reduced

group, which is consistent with this hypothesis.

The hydrated CM and CI meteorites are significantly

lower in density than any other meteorites, with grain

densities well below 3 g/cm3 and bulk densities near or

below 2 g/cm3. The values for CMs are relatively

uniform across samples and measurement techniques.

Fourteen measurements of seven different CMs (six

from Murchison and another three from Murray) yield

an average grain density of 2.8270.13 g/cm3; the bulk

density (13 measurements of six meteorites, again

including six Murchison measures) average is 2.137

0.19 g/cm3. Only for Murchison and Murray (along with

Orgueil) are there measures of both grain and bulk

densities (found via the glass bead/He pycnometry

methods) of the same sample, from which a reliable

porosity can be derived; the average porosity of

Murchison (based on three samples only) is 2272%,

while the sole porosity measure for Murray is 28%.

Note, however, that while the point-counting method

(Corrigan et al., 1997) yields a similar porosity of 23%

for Murchison, it gives a porosity of only 4% for

Murray.

For the CI chondrites the reported densities depend

strongly on the techniques used to make the measure-

ments. Helium pycnometry yields grain densities con-

sistently higher than those found by saturating the

samples in carbon tetrachloride or water. By contrast,

liquid immersion methods yield significantly higher bulk

densities than the bead method – indeed, in the same

range as the grain densities measured via saturation by

liquids. Thus, measurements based on the traditional

fluid immersion methods would suggest that the CI

Orgueil would have almost no porosity (with grain and

bulk densities both around 2.2 g/cm3) while the same

meteorite measured with pycnometry and beads implies

a porosity of 35% (grain density 2.4, bulk density

1.6 g/cm3; see Discussion). Orgueil is the only CI for

which glass bead and pycnometry data are available, but

we note that its low bulk density of 1.6 g/cm3 is matched

by the bulk density of the unusual C meteorite Tagish

Lake.

2.3. Enstatite chondrites

Even more than with carbonaceous chondrites,

finding trends among the enstatite chondrites is hobbled

by the sparsity of data. In our database only 14 enstatite

chondrites have had their grain densities measured

(averaging 3.6570.07 g/cm3); 10 have had bulk densities

measured (averaging 3.4670.16 g/cm3).

In nine cases, both kinds of density were measured for

the same sample, from which a porosity can be derived.

All but two of these porosity measurements were made

by Consolmagno et al. (2007); the two previous

literature measurements agree well with our measure-

ments. The measured porosities appear to cluster into

two groups, with six meteorites having low porosities

(0.3–6.4%) and three others with 11.7%, 12.3%, and
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Table 4. Carbonaceous chondrite average densities (g/cm3) and porosities

Class Average grain

density

7 Average bulk

density

7 Average

porosity (%)

7 (%)

CI 2.46 0.04 1.6 0.03 35 –

CM 2.90 0.08 2.25 0.08 23.1 4.7

CO 3.41 0.23 3.03 0.19 10.8 9.1

CVo 3.30 0.15 2.79 0.06 21.8 1.7

CVr 3.45 0.09 0.12 0.25 9.7 4.9

CK 3.58 0.09 2.85 0.08 21.8 2.2
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12.6% porosity. Both groups include falls and finds;

both include samples from the EL and EH subclasses.

The EL and EH subclasses (Sears et al., 1982) were

originally defined in terms of high (EH) and low (EL)

iron and siderophile contents, though later work has

suggested that the differences in iron content may not be

as characteristic of the groups as first thought. A

difference in iron content would presumably manifest

itself in the grain densities of the meteorites, and indeed

we find on average a slightly higher grain density

(3.7070.03 g/cm3) for EH meteorites compared to EL

samples (averaging 3.6170.07 g/cm3). The difference is

small, however; and given the sparse data set, it is not

clear if it is significant. Indeed, both we and Guskova

(1985) found a higher grain density for the EL chondrite

Pillistfer than is seen in four of the six EH samples.

2.4. Achondrites and other meteorites

Only five meteorites of the ‘‘primitive achondrite’’

group have been measured for porosity, two brachianites

and three winonaites. Not surprisingly, given the chemical

similarities with the ordinary chondrites, their densities

and porosities closely resemble ordinary chondrites:

average grain density of 3.6370.17 g/cm3, average bulk

density 3.2370.18 g/cm3, average porosity 11.573.6%.

Even fewer measurements have been made for ureilites;

their average grain density of 3.3470.09 g/cm3 is based on

only three measurements, while nine samples (of five

different ureilites) have been measured for bulk density,

giving an average of 3.1470.22 g/cm3. Only two samples

have both grain and bulk densities; in both cases, the

porosity is low but the formal error large. One can only

say that the porosity is probably less than 6% and may in

fact be zero. Three aubrites (enstatite achondrites) have

hand-sample porosities measured, showing no obvious

pattern (porosities of 4%, 13%, and 21%).

Even among the more numerous basaltic achondrite

meteorites (Table 5), the situation is one of too few data

to make any strong statements at present. For the HED

class, 27 meteorites have been measured, about half of

them eucrites; only five diogenites and eight howardites

are in our database. Porosities based on grain and bulk

densities from the same sample are even rarer. No such

porosities are yet available for any howardite, and only

two diogenite porosities have been measured. The

situation for the eucrites is only slightly better, with

seven porosities available; they range from 1% to 19%.

For the SNC class, the only nakhlite measured is

Nakhla itself (three different samples) and the only

chassignite measured is Chassigny itself (only one

sample). Eight pieces of five different shergottites have

been measured.

One interesting result for the basaltic achondrites is

that, because of the great interest in these meteorites, the

mineralogy is well known not only for each general class

but often for individual falls (Kitts and Lodders, 1998;

Lodders, 1998). From that mineralogy, a model grain

density and model porosity can be computed for those

samples, even where a grain density has not been

measured directly. Since these samples do not contain

significant metallic iron, weathering should not alter the

samples to the degree seen in the ordinary chondrites.

However, where measurements for particular basaltic

achondrites do exist, in some cases the difference

between the model and measured grain density values

are significant. Usually the measured grain densities are

lower than the model densities and correspondingly, the

model porosities are higher than the measured values.

Beyond the work of Henderson and Perry (1954) on

the density of meteoritic nickel-iron, little work has been

done on the density or porosity of iron and stony-iron

meteorites. Presumably, any variation of an iron meteo-

rite’s density from that of pure nickel-iron (7.8 g/cm3)

could be used to infer the abundance of sulfide or other

inclusions. And the porosity of metal-rich breccias such

as mesosiderites could in the future put constraints on

the brecciation and relithification process.

3. What density and porosity tell us about

meteorites

3.1. Introduction

Just as the oxidation state of iron and the distribution

of oxygen and other isotopes allow us to understand the
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Table 5. Basaltic achondrite average densities (g/cm3) and porosities

Class Average

grain density

7 Average bulk

density

7 Average

porosity (%)

7 (%) Average model

porosity (%)

7 (%)

Howardite 3.22 0.16 2.97 0.16 – – 11.30 4.80

Eucrite 3.18 0.05 2.9 0.13 9.30 6.20 9.70 3.80

Diogenite 3.46 0.12 3.23 0.15 2.50 2.20 7.20 4.30

Shergottite 3.39 0.03 3.03 0.28 13.60 9.50 8.80 7.80

Nakhlite 3.29 0.09 3.15 0.07 5.70 3.50 5.40 0.10

Chassignite 3.72 0.04 3.4 0.11 6.80 2.20 5.40 0.20
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compositional history of meteorites (and their parent

bodies), so the density and porosity of meteorites are

our primary tools to understand their physical history.

From the discussion of the density and porosity data

above, certain trends are immediately apparent. The H,

L, and LL chondrites have essentially indistinguishable

porosities and so one can conclude that they have

undergone very similar physical processes, and these

events occurred after the compositional nature of these

classes were fixed. Furthermore, since their porosity

shows no correlation with petrographic grade, as is

illustrated in Figs. 2, one is led to the rather startling

conclusion that whatever determined their porosity must

have occurred independently of whenever their meta-

morphic states were determined. Given that meta-

morphism would presumably alter porosity, one can

only conclude that the pore-forming events for in the

ordinary chondrites occurred after the metamorphic

events.

The correlation of shock state with porosity is more

subtle. Table 3 indicates a slight decrease of porosity

with shock state, but examining the data (as illustrated

in Fig. 3) indicates that in fact over all shock states, the

bottom quartiles of porosity measurements end at about

6% porosity. The lower shock states have a higher upper

range, and hence a higher average value. Increasing

shock appears to compact and remove porosity from

only the more porous samples. Shock events, as we will

argue below, may ultimately produce (or at least

contribute to) the observed porosity; if so, a certain

‘‘baseline’’ of 6–10% porosity appears to result,

independent of the strength of the shock.

The enstatite chondrite and the primitive achondrite

data are too sparse to make a similarly strong statement,

but the data in hand are certainly consistent with the

possibility that they also participated in the same

physical history as the ordinary chondrites, and

obtained their porosity after their compositional,

metamorphic, and shock states had been fixed. The

other achondrites also appear to have similar porosites

though the data are sparse. This is true in spite of the

obvious difference in their physical histories (such as the

melting and recrystallization that they experienced) and

the greater physical strength resulting from their igneous

origin. The fact that they experienced igneous evolution,

unlike the chondrites, points to an origin under very

different circumstances: perhaps a larger parent body, a

physically different location from the chondrites, or a

different time in solar nebula history when radioactive

or other heat sources were more prevalent. But it is not

clear that this difference appears to extend to their

physical histories as well.

However, whereas the other meteorites tend to have

porosites averaging 10% or less, the overwhelming

majority of carbonaceous meteorites (with the notable

exception of CO finds and reduced CVs) have porosities

of 20% or more. Nonetheless these samples are

generally strong, well-lithfied samples. (We do have in

our collections some highly friable samples of volatile-

rich meteorites, notably the CI meteorite Orgueil and

the unusual C meteorite Tagish Lake; but even these

meteorites were able to survive passage through our

atmosphere as recognizably solid, individual samples.)

The contrast between the porosities of these meteorites

and the ordinary chondrites argues that the carbonac-

eous chondrites are in a very different physical state and

likely have undergone a very different physical history

than the other chondrites, presumably in a very different

part of the solar nebula.

3.2. Where are the pore spaces?

To understand what porosity can tell us about the

physical history of the meteorites, it is useful to

understand just where the pore space is located within

a given sample. Does it occur as large voids between

grains? As sub-micron voids between the tiny grains in

the ground mass? As microcracks permeating the

meteorite? One obvious way to answer this question is

to examine the meteorite fabric directly in SEM back-

scatter images. As noted above, Corrigan et al. (1997)

for carbonaceous chondrites and Strait and Consolmag-

no (2002a, 2005) for ordinary chondrites have reported

porosities based on point-counting the voids visible in

such images. Strait and Consolmagno (2002b) reported

a surprising homogeneity in porosity on the scale of a

single SEM image (several hundred microns) and across

a thin section. For ordinary chondrites, this method can

in general derive porosities that are consistent with those

measured in hand samples.

Most of the void space visible in SEM images of

ordinary chondrites occurs as a network of microcracks

that cut across grain boundaries (Fig. 4). Such micro-

cracks are produced by the passage of shock waves

through a solid medium; the passing wave first

compresses, then decompresses, the medium, leaving

the cracks in its wake (DeCarli et al., 2001; Bowden,

2002). The source of these shock waves is, presumably,

impact cratering on the meteorite parent bodies. At the

very least, every meteorite must have experienced some

shock during whatever event removed it from its parent

body, and during its final deceleration upon hitting the

atmosphere and landing on Earth. Note that the

creation of microcracks is not strongly linked to the

strength of the shock; even relatively mild shocks will

produce microcracks.

Is it possible that the microcracks seen in the SEM

images are merely artifacts from cutting and mounting

the thin section? This is unlikely on two counts. First, if

the thin-sectioning was a significant cause of the

cracking, then one would expect point-count porosities
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to be systematically higher than hand-sample porosities

for the same sample. This is not seen in the data.

Second, inspection of Fig. 4 shows that many of the

cracks in contact with Fe/Ni metal grains (visible as

large white areas) are themselves filled with high-density

(white) material. Microprobe analysis of this material

reveals the presence of Fe and Cl, but not Ni. We

observe that microcracks in ordinary chondrite finds are

consistently filled with such material, while it is absent in

fresh falls. This material is clearly the result of terrestrial

weathering, as water and chlorine enter through the

microcracks and attack the Fe/Ni; the Cl promotes the

oxidation of the Fe, but not the Ni. This weathering

occurred over the many years that the sample sat in

Earth’s atmosphere. Épinal, the meteorite shown in

Fig. 4, fell in 1822; this thin section was made at the

Natural History Museum, London, in 1998, when this

image was taken. Since the weathering occurred before

the thin section was made, by inference the cracks filled

with this weathering must also have existed before the

thin section was made.

If the porosity of ordinary chondrites is indeed

primarily the result of passing shock waves, then it is

no surprise that all these meteorites have essentially the

same porosity regardless of class, petrographic grade, or

shock state. The impacts that produced these shock

waves are a function only of the flux of available

impactors; all bodies in a given region of the asteroid

belt have presumably encountered a similar flux of

impactors and thus should have similar porosities. The

porosity in such a sample would be entirely produced

after the chemical and metamorphic characteristics of

the sample had been set: in essence, the porosity of the

sample depends solely on the last time that its parent

body had been hit by an impactor and experienced a

shock wave.

However, the other corollary to this explanation is that

the ground mass within the meteorite itself is essentially

pore-free. This speaks to a greater question of impor-

tance to our understanding of the physical processes that

occurred in the early solar system: what lithified the dust

of the solar nebula into solid, rocky meteorites? Note that

this is a very different question from the lithification of

breccias. Breccias consist of pre-existing rock fragments

held together by shock melting (cf. Bischoff et al., 1983);

but ultimately, where did those rock fragments them-

selves come from? How did an accumulation of solar

nebula dust, which models suggest should have been 80%

or more porous (Blum et al., 2006), become ground mass

with essentially zero porosity? Whatever lithified that

dust succeeded in removing essentially all the porosity in

the fine-grained ground mass, without melting the

ground mass material. Note that shock compression

produces heat (hence the shock melting in breccias), and

the more the compression, the greater the heat. A single

shock event compressing the dust directly into pore-free

rock should release sufficient heat to completely melt the

sample (Bowden, 2002), which clearly did not happen to

these samples.

By contrast, the point-counting porosity derived by

Corrigan et al. (1997) for carbonaceous chondrites is

often significantly different from that measured by He

pycnometry and glass bead density measurements. Only

for four of the 26 meteorites that they measured do they

report porosities greater than 20%, and only two more

have porosities between 10% and 20%; 14 of the

remainder have porosities of 5% or less. In eight cases,

hand sample porosities for the same meteorite (if not the

same sample) are also available. However, four of them

are the four cases where the point-counting method did

find porosities of 20% or more, in agreement with the

hand sample measurements. Both methods also agree on

relatively low porosities for Leoville and Vigarano.

However, for Orgueil (CI) and Murray (CM), the

hand sample porosities are around 30% while the

point-counting method finds 3–4% porosity. These

low porosity point-counting results are confirmed

by Strait (personal communication) for Orgueil and

Nogoya (CM).
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Fig. 4. The H5 ordinary chondrite Épinal in an SEM

backscatter image. The large white areas are Fe, Ni grains;

the dark lines are a series of microcracks, which account for

the measured porosity. Note the microcracks partially filled

with white material; this is interpreted as the oxidation product

of terrestrial oxygen reacting with the meteoritic iron.
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An earlier suggestion by Corrigan et al. (1997)

that the 35% porosity measured in a hand sample of

Orgueil was due to terrestrial weathering of that

meteorite (terrestrial sulfide formation as shown by

Gounelle and Zolensky (2001), which they suggest

would tend to crack the sample) is weakened when seen

in this context. There is no evidence that Murray or

Nogoya have been subjected to the kind of weathering

seen in some Orgueil samples. And in fact the sample of

Orgueil that was measured (by us) for porosity did not

show visible evidence of such weathering, and it had

been kept in a stoppered jar for more than 100 years.

Furthermore, the fresh fall Tagish Lake (C) meteorite

has an equally high porosity deduced both from its

trajectory during its fall (Brown et al., 2002) and from

direct measurements of retrieved samples (Hildebrand

et al., 2006). On the other hand, as noted above, the

grain density of Orgueil measured by carbon tetra-

chloride is smaller than that measured by pycnometry,

while the bulk density measured by immersion into

water is significantly larger than that seen by the glass

bead method.

The difference between point-counting and He/bead

porosity measurements most likely indicates that the

porosity in carbonaceous chondrites is found on a scale

either too large or too small to be seen easily in thin

section. Large voids would not always be recognized in a

thin section, and these voids, if big enough, would be

more likely to take up water very quickly during bulk

density measurements. Very small voids, too small to be

visible in SEM images, would be more likely to be

penetrated by He than carbon tetrachloride. Indeed, He

could be penetrating between the molecular layers of the

phyllosilicates found in CM and CI meteorites. Thus the

water bulk density would be higher than the bead bulk

densities, and the carbon tetrachloride grain density

would be lower than the He grain density; indeed carbon

tetrachloride and water would probably penetrate the

same pore space yielding a porosity close to zero. These

are in fact the trends seen in the data.

The opposite problem can be seen in several grain

density and porosity measurements of basaltic achon-

drites. Model grain densities for several meteorites are

significantly larger than the measured grain densities.

One very likely explanation is that in these meteorites, a

significant fraction of the porosity may be due not only

to a well-connected network of microcracks but also to

vesicles within the basalt. The diffusion rate of He

through basaltic minerals is sufficiently slow (Lippolt

and Weigel, 1988; Trull et al., 1991) that if these vesicles

were not penetrated by any microcracks, they would not

be found and filled by He during the pycnometry. This

could explain the relatively low grain densities measured

by pycnometry compared to the calculated model

densities. If this is so, then it means that the microcrack

porosity of the basaltic achondrites (which reflects their

impact environment) is the measured porosity, not the

model porosity.

3.3. Density and magnetic susceptibility as a

classification technique

One useful side benefit to the measure of meteorite

density is that it can provide part of a rapid, non-

destructive system for classifying meteorite samples.

Grain density is an intensive variable that varies with

iron content and oxidation state, the same quantities

that are used to characterize many different meteorite

classes. Different classes of ordinary chondrites have

distinctive ranges of grain densities, but with overlaps:

H chondrites are distinctly more dense than L or LL

chondrites, but the latter two groups do have significant

overlap.

Another way to characterize a meteorite’s iron

content is by studying its magnetic properties. Magnetic

susceptibility is the ratio of the induced magnetization of

a material to the strength of an applied magnetic field

(o1mT); it depends on the capacity of the material to

be affected by, or respond to, such a field and is a

function of the abundance of the various magnetic

phases in the sample, weighed by their specific suscept-

ibility. The measurement of magnetic susceptibility is

quick and non-destructive. Rochette et al. (2003)

demonstrated that the magnetic susceptibility of un-

weathered ordinary chondrite falls is correlated with the

amount and oxidation state of the iron within those

meteorites, and that the L and LL classes are clearly

distinguished by their magnetic susceptibilities. In their

data, however, a small overlap occurs between H and

L classes.

Terho et al. (1991, 1993) first suggested that correlat-

ing magnetic susceptibility with density could be a

powerful way of resolving these ambiguities. However,

they did not account for the effect of terrestrial

weathering, which significantly lowers the grain density

of finds versus falls while also lowering their magnetic

susceptibility. For example, as weathering proceeds, the

susceptibility and grain density of an H chondrite would

eventually be lowered into the range of L chondrites.

This makes the classification of finds by this method

problematic.

However, this method is quite robust for fresh falls

(Consolmagno et al., 2006a). The correlation between

grain density, magnetic susceptibility, and meteorite

type in our data set shows the overlap in density between

L and LL, and a small overlap in susceptibility between

the H and L meteorites, but by using both susceptibility

and grain density together these ambiguities are resolved

(Fig. 5).

Likewise, this method can be applied (Rochette et al.,

2008) to carbonaceous and enstatite chondrites (Fig. 6).

ARTICLE IN PRESS

G.J. Consolmagno et al. / Chemie der Erde 68 (2008) 1–2912



Author's personal copy

The technique works in general to differentiate among

certain classes of the carbonaceous meteorites, though

there is an overlap between the related CV/CK classes

and the CO class. Unfortunately, many of the C and E

types also overlap the ordinary chondrite classes,

however, limiting somewhat the ability of density and

susceptibility alone to differentiate among stony me-

teorite classes.

Unlike traditional chemical tests, the measurement of

physical properties is fast and non-destructive, and it

characterizes the whole rock, making it especially

appropriate for surveying large collections and in

detecting misidentified samples (Rochette et al., 2003).

3.4. Science issues in asteroid/meteorite studies

This variation in porosity between major meteorite

groups directly addresses issues of the formation of

these bodies, and their parent bodies, in the solar

nebula. If each meteorite’s compositional type was

formed in its own distinct area of nebular space, then

this should also show up as significant differences in

their physical states, beyond the obvious differences in

chemistry and mineralogy. Different nebular conditions

may lead to differences in accretional timing, accretional

energy, lithification, and compaction, resulting in dif-

ferences in microporosity. From our data, we conclude

that the ordinary chondrites (and, albeit with less data,

the other meteorite classes as well) are significantly more

compacted and more completely lithified than most

carbonaceous chondrites. Any hypothesis for the lithi-

fication of meteorites must account for this difference.

In addition, the high porosity of some carbonaceous

chondrites may be indicative of a lower overall crushing

strength. As well as giving us an important clues to the

structure of their putative parent bodies (the dark

asteroids) this would have a direct effect on their

survivability in atmospheric entry, suggesting that they

are under-represented in our collections compared to

their abundance in the solar system.

Another factor to look for is variation within

meteorite groups. Porosity measurements are snapshots

on the scale of a few centimeters of an individual

sample’s structure, but meteorite physical properties

could vary over tens of centimeters or even meter scales.

What degree of uniformity does formation within a zone

of the solar nebula or residence in a particular region of

the solar system impose on a meteorite type? How large

is the range of variation in density, porosity and strength

within the cosmochemical formation zone or region of

the asteroid belt for a given mineral assemblage?

By measuring a statistically significant number of

samples of ordinary chondrites in every metamorphic

and shock grade, we have been able to characterize the

variation within each meteorite groups’ parent body as
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Fig. 5. Grain density and magnetic susceptibility for ordinary

chondrites (fresh falls). Note that the combination of these two

intrinsic factors cleanly groups the meteorite types into distinct

regions of the plot. (In fact, the LL meteorite closest to the

boundary between the L and LL group is Knyahinya, already

labeled L/LL on chemical grounds.) Figure adapted from

Consolmagno et al. (2006a).

Fig. 6. Grain density and magnetic susceptibility for the C and

E chondrites also defines clear boundaries, although with some

overlap. Regions covered by H, L and LL chondrites are

indicated by red, blue, and green outlines, (respectively).

Figure adapted from Rochette et al. (2008).
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being remarkably small; but if the L chondrites are

indeed less porous than the H and LL groups, this might

suggest that their parent body experienced a slightly

different impact environment. We are a long way from

completing a statistically significant sample of most

other meteorite types. However, we have seen that the

difference between reduced and oxidized CVs follows a

pattern consistent with parent body modification of the

reduced CVs (MacPherson and Krot, 2002).

A related measurement is to characterize the variation

with a large single object. Falls such as Farmington and

Pultusk are major showers of fragments, with hundreds

of kilograms of individual stones that can provide insight

into the range of physical variation in meteorites and the

physical properties of their asteroidal parent bodies.

Systematically measuring the porosity and density of

these large falls characterizes any larger scale variations

that may be significant in parent asteroids. Consolmagno

and Britt (1998) earlier reported that significant porosity

differences could be found from sample to sample in

three of ten cases where multiple pieces of the same

meteorite were measured. However, more extensive

measurements of many samples, most of them whole

rocks, from five large showers have not shown any

significant variation in porosity from sample to sample

(Consolmagno et al., 2006a; Macke, 2007). It may be that

such variations are real but rare. This work needs to be

extended to more examples of meteorite showers.

A related question is porosity variations in the

different sized pieces of meteorites. Differences in

porosity with the ‘‘scale’’ of the object would have a

direct bearing on how meteorites lithify and also how

they break apart upon atmospheric entry (Flynn et al.,

1999). However, we have found that for ordinary

chondrites there is no correlation with either the value

or the spread of porosities for samples ranging in size

from a few grams to several tens of kilograms (Fig. 1),

and the success of the point-counting method in

reproducing hand-sample porosity means that this

uniformity extends down to the scale of a meteorite

thin section. More data on other meteorite types can

show whether this generalization can be extended

beyond the ordinary chondrite case.

Meteorite porosity and density can provide insight

into how asteroid materials respond to regolith-forming

and shock processes. Are the meteoritic breccias,

especially the regolith breccias, more or less porous

than normal meteorites? Breccias are fragmental collec-

tions of shattered rock that have been re-lithified by

shock, usually by grain-boundary melting under high

pressures (e.g., Bischoff et al., 1983). There was a hint in

our earlier data for ordinary chondrites (Consolmagno

et al., 1998) that relithified breccias might be slightly less

porous than the average for their groups. Now, given a

larger database, we find only a marginal difference, less

than 1% porosity, between breccias and non-breccias:

the average model porosity of 61 ordinary chondrite

breccias in our sample is 8.275.6%, while that for the

non-breccia group is 9.074.7%.

Part of the issue of how asteroid materials respond to

regolith processes is to determine the relationship between

meteorite shock state and porosity. As seen in Fig. 3, we

found fewer high porosity meteorites in shock state two

compared to shock state one, and fewer again in shock

state three; beyond that, however, increasing shock

appears to have no influence on porosity. Note that we

have only eight shock state five or six samples, however;

and indeed, our conclusion for the lower shock states is

based on only 11 high porosity (415%) samples in our

dataset: Acfer 046, 073, and 098; Ambapur-Nagla;

Allegan; Beaver Creek; Bjurböle; Forest Vale; Kiffa;

Menow; and Saratov. None of these meteorites have been

inspected by SEM for the location of their porosity.

Inhomogeneities may play a role: many of these high

porosity samples are notable for being unusually friable,

but we have noticed that larger pieces (4145g) of Allegan

are much less friable than smaller pieces. And while

measurements of 20 samples of Bjorböle ranging from 4

to 80g by the Finnish group, and a 10 g piece by Flynn

and Klock (1998), give high porosities, another measure

by Wilkison et al. (2003) of a 142g piece yields essentially

zero porosity. This runs contrary to the general trend

noted above that porosity does not depend on sample size.

The final stage in meteorite evolution is its processing

after accretion to the Earth. Terrestrial weathering in

ordinary chondrites increases the content of low-density

clay minerals and iron oxides (Bland et al., 1996, 1998)

and may result in the formation of carbonates in CO

meteorites, filling void spaces and so lowering grain

densities. However, we have seen no difference in grain

densities between falls and finds among enstatite

chondrites or CV/CK samples; how do they weather?

Furthermore, the mechanism of weathering in Antarctic

meteorites is distinctly different. Antarctic meteorite

grain densities are, on average, comparable to those for

falls, not finds. However, almost a quarter of the

Antarctic meteorites (six of 27) in our database have

unusually low bulk densities, and thus model porosities

that are remarkably high, ranging from 20% to 33%.

(ALH-77254, the only one of these measured for shock,

is 20.4% porous but shock state 4!) Perhaps this high

porosity is the result of freeze–thaw cycles within the

meteorite during its stay on the Antarctic ice.

4. Meteorite porosity and the stratigraphy of

the solar nebula

4.1. The meteorite–asteroid connection

The compositional diversity of the various types of

meteorites spans a huge range, essentially from dirt
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clods to steel, showing bulk densities that range from 1.6

to 7.8 g/cm3.

But as diverse and interesting the meteorite collections

are, the range of compositions observed in asteroids and

comets is even larger. The high-density end seems fixed

by iron–nickel combinations; observations do show

asteroids with spectra consistent with Fe–Ni meteorites

and this is backed up by radar reflectivity measurements

consistent with metallic surface material. But the low

end is nothing short of amazing. The bulk densities of

comet nuclei lie in the neighborhood 0.5 g/cm3 (cf.

A’Hearn et al., 2005; Davidsson and Gutiérrez, 2006;

Stansberry et al., 2006), substantially smaller than the

densities of any of the major constituents of comets such

as water-ice (0.93 g/cm3), organic-rich silicate dust

($2.25 g/cm3), or even methane ice (0.9 g/cm3).

Since the 1970s efforts have been ongoing to classify

the asteroids by their spectral colors (see Bus et al.,

2002). At first, this classification was based only on

broad visible colors and albedo (brightness). On that

basis, asteroids with relatively high albedos that tended

to be brighter in red filters were assigned to the S class; C

class asteroids were dark and colorless; M asteroids,

relatively bright but colorless. As technology advanced,

allowing more detailed spectra extending into the

infrared (where the characteristic bands of water and

certain minerals are found), these groups have been

further subdivided into an alphabet soup of different

asteroid types. Some ambiguities in interpretation have

been found; for example, a few examples of the putative

metal-rich (M) asteroids have also been seen in the

infrared to contain water bands, while others have been

shown by radar reflection properties to indeed be rich in

metal. Clearly the asteroids are more complex than the

original S, C, M classification suggested. Nonetheless,

this general attempt to connect asteroid spectral types

with meteorite samples continues to be the basis of our

classification.

There is strong evidence from the trajectories of

recovered falls that most meteorites originated in the

main asteroid belt, thus sampling the mineralogy and

small-scale structure of at least some asteroids (Morbi-

delli and Froeschlé, 2003). However, there is also strong

evidence that this is a biased and limited sample of the

diversity in the asteroid belt. The evidence from detailed

asteroid spectra now indicates that only a small fraction

of asteroids contribute most of the recovered meteorites:

although ordinary chondritic meteorites account for

$74% of meteorite falls, their putative spectral analogs,

the S(IV)-subclass and Q-class asteroids, make up only a

small fraction of the identified asteroids (Gaffey et al.,

1993, 2002). Even the more broadly defined S-class,

which may include compositional types similar to

primitive achondrites, lodranites, brachinites, pallasites,

and several other rare meteorite types as well as the

ordinary chondrites, accounts for only $17% of typed

asteroids (Bus and Binzel, 2002; Rivkin et al., 2004)

while their meteorite analogs contribute 85% of

observed falls.

The relative physical strength of meteorites is

probably the major biasing factor. Medium strength

materials, such as stones, are probably vastly over-

represented because they are weak enough in tension

that they can be broken off and ejected from a larger

parent body in the first place, but strong enough to

remain coherent on ejection, and tough enough to get

through the atmosphere. Very strong materials such as

irons and stony-irons may be under-represented because

of the difficulty in fragmenting and ejecting them

from their parent bodies; very weak materials would

not survive the trip from parent body to Earth’s sur-

face intact.

Indeed, the Earth’s atmosphere is a potent filter.

Atmospheric entry decelerates an object from its solar

orbital velocity of 20–80 km/s (as observed in meteors

hitting the upper atmosphere; cf. Hunt et al., 2003) to an

atmospheric terminal velocity of a few hundred meters/

second. Although most of that deceleration is taken up

in friction heating, which can easily reach 1500 1C on the

meteorite’s surface and which vaporizes approximately

40% of a meteorite, it is quite common for larger

meteorites to fragment during atmospheric entry,

producing a ‘‘shower’’ of related meteorites that are

then scattered by winds. The stress of impact onto the

Earth’s surface is the final direct stress.

While relatively strong meteorites (irons, stony-irons,

ordinary and enstatite chondrites, achondrites, and

many carbonaceous chondrites with substantial cohesive

strength, primarily because of their high metal contents

and strong igneous or metamorphic structure) make up

over 95% of recovered meteorites, dark and volatile-rich

materials from the outer asteroid belt, comets, or TNOs

are rare. It is likely that any meteoroids from these

objects would themselves be highly porous, composed of

silicates mixed with organics, carbon compounds, and

frozen volatiles. Such a mixture would have all the

strength properties of a soggy dirt clod. This kind of

material stands little chance of surviving the stress and

heating of atmospheric entry; but there are exceptions,

such as Orgueil and Tagish Lake. These meteorites are

very weak, friable, porous, and volatile-rich and can be

easily crushed by any moderate stress. In the case of

Tagish Lake, only the unusual circumstance of its

landing onto soft snow (in northern Canada during

the month of January) allowed intact samples to be

recovered; those fragments landing instead on nearby

hard ice left no coherent samples, only large black

splotches (Hildebrand et al., 2006).

Another factor adding to this filter against volatile-

rich meteorites is that objects reaching Earth from the

outer asteroid belt or cometary source regions will have

much greater orbital velocities than those coming from
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the inner asteroid belt, because of the larger potential

energy of their orbits. Since the energy of the orbit and

the stress of atmospheric entry scales by the square of

velocity, the relatively weak and friable outer asteroid

belt material tends to be subjected to much greater

stresses than the relatively strong inner asteroid belt

S-class materials.

Location and orbital dynamics within the asteroid

belt also play a major biasing role. The dynamical

processes most capable of perturbing asteroids, and thus

meteorites, out of stable orbits in the main belt are

resonances which operate in relatively narrow zones.

Orbital resonances with Jupiter or secular resonances

with Saturn greatly increase the eccentricies of the

asteroids orbiting there, which increases the probably of

collision and disruption. An asteroid will remain in such

a zone for only a few million years before being

perturbed into an orbit colliding with the Sun or a

planet, or being ejected from the solar system. The vast

majority of Earth-crossing asteroids appear to originate

from just two such resonances in the main belt, the 1:3

Kirkwood Gap and the n6 resonance (Morbidelli et al.,

2002; Morbidelli and Froeschlé, 2003). Both zones are in

the inner asteroid belt where the asteroid population is

dominated by S-type asteroids. Note that while these

resonances perturb asteroids into planet-crossing orbits,

the net result is usually not collisions with terrestrial

planets. For example, numerical integrations of the

activity of objects in the 1:3 Kirwood Gap showed that

70% impact the Sun, 28% are ejected from the solar

system on hyperbolic orbits by Jupiter, and just 2%

interact with the terrestrial planets (Gladman et al.,

1997). Resonances in the outer asteroid belt are even less

likely to perturb asteroids into the planet-cross popula-

tion; material there is much more likely to be ejected by

Jupiter. This is the way that the Oort cloud of comets

was originally populated, and the process continues

today with outer asteroid belt resonances.

Thus it is not surprising that the major source of our

meteorites are relatively strong iron-rich stony asteroids

in the inner asteroid belt, closest to Earth and in a region

where several dynamical pathways can perturb asteroids

into planet-crossing orbits.

4.2. Asteroid density

Knowledge of meteorite microporosity, grain density,

and bulk density can be used to estimate the bulk

porosity of asteroids and assess their internal structure.

The starting points are the three pieces of data we can

obtain about an individual asteroid: (1) its bulk density,

(2) its reflectance spectrum, to indicate a meteoritic

compositional analog, and (3) the grain density and

average porosity of that analog meteorite. Recall that

meteorite grain density is a density of an idealized

completely solid, zero porosity object. Any deviation of

the asteroid’s bulk density from its meteorite analog’s

grain density provides an estimate the bulk porosity of

the asteroid. That bulk porosity can in turn be divided

into two components: the microporosity of the aster-

oidal material, which one can assume is the same as the

porosity of the analog meteorite, and the macroporosity

of large-scale voids within the asteroid itself.

Thus the first step in this process is to determine the

density of an asteroid. Like any bulk density measure-

ment, asteroid bulk density requires determination of

mass and volume. The major problem is that both mass

and volume determinations are challenging measure-

ments to obtain remotely for small solar system bodies.

There are four robust methods for asteroidal mass

determination: (1) asteroid–spacecraft perturbations; (2)

asteroid–asteroid perturbations; (3) asteroid–planet per-

turbations; and (4) observations of the motion of

asteroid satellites.

The first method, spacecraft–asteroid perturbations,

can be by far the most accurate way to determine

asteroid mass, but it is also one of the rarest, requiring

an expensive spacecraft mission having a close encoun-

ter with the small body. The line-of-sight component of

any asteroid-induced velocity change is determined by

Doppler tracking data during a close encounter (e.g.

Yeomans et al., 1997). The orbital solution for the

spacecraft’s motion provides the asteroid mass as one of

the parameters that affect spacecraft trajectory. The

accuracy of the solution improves with larger asteroid

mass, closer approach distances, and longer periods in

close approach. Orbiting the asteroid provides refine-

ments such as gravity field and mass distribution as well

as the total mass value, as shown in operations around

433 Eros (Yeomans et al., 2000). Under ideal circum-

stances of long orbital operations, mass determination

errors can be a few tenths of percent.

The second method, tracking the motions of asteroids

that have gravitationally interacted with other asteroids,

requires modeling the orbits of multiple asteroids over

long periods of time and deriving the perturbing masses

required for observed changes. As with spacecraft

perturbations, the best results are obtained with larger

masses, closer approaches, and longer observational

baselines. The best data, not surprisingly, are for the

largest asteroids 1 Ceres, 2 Pallas, and 4 Vesta; they

contain 60% of the mass of the asteroid belt, and they

have an observational baseline over two centuries long.

Errors for this method can be as low as a few percent;

for smaller asteroids with short observational baselines

errors climb rapidly.

For the third method, we note that the large asteroids

Ceres, Pallas, and Vesta can produce perturbative

amplitudes of more than 50m per orbit on the motion

of Mars. The position of Mars also has a long baseline

of observations, and the precise location of Mars is
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highly important for spacecraft operations; optical,

radio, radar, and spacecraft data have located it to a

precision of a few meters. Errors in the masses of these

three largest asteroids via this method range between

0.3% and 9%, directly correlated with asteroid mass,

and the inferred masses are in good agreement with the

values found by the method previously described. More

intriguingly, however, other, smaller asteroids also have

non-negligible effects upon the orbit of Mars. Even

though the perturbations of any particular small

asteroid are not significantly larger than the observa-

tional accuracy of the Martian orbit determination,

Standish (2001) (see also Standish and Fienga, 2002)

modeled the mass of a few hundred of the largest

asteroids by accumulating the perturbations of the

asteroids as a group. He separated the perturbations

by asteroid spectral class (noting that the S- and M-class

asteroids predominate in the inner asteroid belt and the

C types in the outer asteroid belt) and, with a few

assumptions, solved for the mean bulk density of the

spectral classes as a whole. These data confirm trends

seen independently in the other bulk density data: the C

class average as 1.470.05 g/cm3, the rocky S class as

2.6970.04 g/cm3, and the metal-rich M-class averages

4.770.5 g/cm3 (Standish, 2001).

The fourth and by far the most productive method of

asteroidal mass determinations is the observation of

asteroidal satellites. Once an asteroid’s satellite has been

discovered, this method can provide a very accurate

mass for that asteroid since, by Kepler’s third law, the

orbital period and semi-major axis of the satellite will

uniquely determine the mass of the primary. The best

observations yield errors of only a few percent in mass

(Merline et al., 2002). The challenge is, first, to find an

asteroid with a satellite; and then, once you have caught

your satellite, to observe it long enough to determine its

orbit accurately. This can be quite difficult. Direct

optical observation of asteroidal satellites requires the

use of adaptive optics instrumentation on the largest

telescopes and observational time is extremely limited. A

major challenge is to have enough observations to

overcome ambiguities in the plane-of-the-sky satellite

orbital parameters and any obscuring effects of glare

from the primary. An extremely productive alternative

to optical imaging is the use of Goldstone and Arecibo

radar tracking to characterize satellite orbits (Nolan

et al., 2001; Margot et al., 2002; Ostro et al., 2002).

Again, the critical factor in error reduction is sufficient

observational time to characterize the satellite orbit with

confidence. Another method uses asteroid ‘‘lightcurves’’

to eliminate the need for huge instrumentation. If a

satellite’s orbital plane overlaps the line-of-sight posi-

tion of the primary, then the satellite will partially

eclipse, and be eclipsed by, the primary. This will cause a

periodic change in the amount of light reflected by the

asteroid–satellite system, which can be observed even

with very modest (0.5–1m) telescopes. All that is

required is a long baseline (on the order of 80 h) of

measurements of the asteroids’ brightness. Analysis of

the changes to that brightness pattern will yield

solutions for the satellite’s orbital period and semi-

major axis, from which an asteroid mass can be

computed.

Once an asteroid’s mass has been determined, the next

step in estimating an asteroid’s bulk density is to

determine the asteroid volume. Ironically, while finding

any mass at all for an asteroid is the most problematic

part of finding its density, once that mass has been

determined the major source of uncertainty in determin-

ing an accurate density is generally the volume

determination. The problem arises because volume is

3-D, while any given asteroid observation (ground based

or spacecraft) is a ‘‘plane-of-the-sky’’ two-dimensional

snapshot of an often partially illuminated, highly

irregularly shaped non-spherical object. The best situa-

tion is a spacecraft orbital mission that can repeatedly

view all aspects of an asteroid using optical and laser-

ranging instruments to build up a 3-D model of the

asteroid’s shape. This was done for the NEAR mission

to 433 Eros, and the resulting shape model had volume

errors of a few percent (Yeomans et al., 2000). More

typical for spacecraft encounters are fast flybys, how-

ever, where whole hemispheres are not imaged at all

because small body rotation is typically slow relative to

the time period that the body is resolved by the

spacecraft. The resulting volume errors are on the order

of 12–15%.

Remote methods for volume determination can use

imaging, radar, and infrared flux observations. Hubble

images and adaptive optics using the largest telescopes

have produced relatively detailed imaging and shapes

for a few of the largest asteroids (Ceres, Vesta, Pallas).

These, combined with stellar occultations which give

direct measurements of plane-of-the-sky cords across

the body of the asteroid, have produced low-error

($5%) volume estimations of these asteroids. Radar

imaging (cf. Nolan et al., 2001; Margot et al., 2002;

Ostro et al., 2002) is probably the best remote method

where resolutions of a few hundred pixels across the

surface of a small body can produce detailed shapes with

imaging over full rotation periods. This technique is

useful for a number of objects including some very small

near-Earth asteroids, but is primarily limited by the

distance of the target asteroid. For close-approaching

asteroids, radar imaging can yield very accurate volume

estimates with errors on the order of the best large

asteroid observations. The most common method for

determining asteroid volume, however, is the use of the

asteroid diameter data from the Infrared Astronomical

Satellite (IRAS) Minor Planet Survey (Tedesco et al.,

1992). The IRAS observations at two wavelengths in the

plane-of-the-sky give an effective area from which the
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flux is being emitted; from this area, major and minor

axis radii and thus a volume can be estimated. This is, of

course, a simplified model based on a two-dimensional

snapshot of a complex 3-D shape. Errors for this

method vary not only with the number of measurements

and the quality of data but also with how closely the

highly irregular shape of the asteroid can be approxi-

mated by a triaxial ellipsoid. The uncertainties in

volume probably range between 15% and 20%, and

thus account for the majority of the uncertainty in

asteroid bulk density estimates.

4.3. Meteorite density and asteroid structure

Given an asteroid’s bulk density, we can then proceed

to derive insights into the asteroid’s internal structure.

One can extract an estimate of the asteroid’s large-scale

porosity, or macroporosity, by comparing the asteroid’s

bulk density with a typical meteorite analog bulk

density. Macroporosity represents void spaces whose

dimensions are on the order of the dimensions of the

meteorites themselves, or larger (as opposed to the

microporosity measured within the meteorites them-

selves). While such macroporosity has never been

directly imaged, the parallel grooves seen in images of

Phobos and the body-wide faults of Eros give us some

hints as to the way this macroporosity could be

expressed within an asteroid. The pore spaces could be

in the form of widespread cracks, centimeters to meters

wide, that could extend through the entire length of the

asteroid.

Estimates of the macroporosity of those asteroids

for which densities have been estimated are shown in

Table 6 and Fig. 7. Four clear trends are visible in this

figure. First, the largest asteroids (with masses greater

than 1020 kg) all have essentially zero macroporosity.

Perhaps bodies of this size or larger were sufficiently

large that they never suffered catastrophic disruptions

and reaccretions; or perhaps they have sufficient gravity

to remove macroporosity from their interiors. This has a

significant implication for our definition of the bound-

ary between ‘‘dwarf planets’’ and small solar system

objects like comets and asteroids, as even a small icy

body of 500 km radius or so apparently is sufficiently

large enough to pull itself into a shape controlled by an

equilibrium between gravity and spin. More than a

dozen such objects have already been discovered in the

trans-Neptunian population. Second, by contrast, vir-

tually all asteroids smaller than that mass have at least

20% or more macroporosity. The NEAR team have

attributed Eros’ $20% macroporosity to extensive

internal cracking of an otherwise coherent body (Wilk-

ison et al., 2002) but more macroporous bodies, like

Itokawa (imaged by the Hayabusa spacecraft), could be

‘‘rubble piles’’ resulting from catastrophic disruption

and reaccretion (Melosh and Ryan, 1997; Wilson et al.,

1999). Third, although there are exceptions in both

cases, we note that in general the roughly 20%

macroporous bodies tend to be S-type asteroids, while

the much more macroporous bodies tend to be C types.

Finally, the icy bodies of the outer solar system –

comets, centaurs, and TNOs – are all extremely

macroporous. We also note that the M-class asteroid

16 Psyche must be very porous if it is in fact metallic.

The identification of many M asteroids as irons is

controversial; for example, Margot and Brown (2003)

have argued that the M asteroid 22 Kalliope is in fact

more like a chondrite.

Note that our estimate of small body macroporosity

requires two assumptions. First, do we know the

asteroid’s meteorite analog? In many cases it is difficult

to determine precise asteroidal mineralogy, and the

mineralogy of a given asteroid may not actually be

represented in the meteorite collection. However, most

meteorites that are likely analogs for the S class

asteroids have very similar bulk densities; our results

are not strongly sensitive to the actual meteorite analog

chosen for a given asteroid. In the calculation here, we

use the average bulk density of an L chondrite. For the

C and related dark asteroids, the problem is trickier. The

lowest density meteorites, the CI class, are not well

characterized (only Orgueil, and the unusual Tagish

Lake meteorite, have low bulk densities measured) and

they are both very porous and very easily crushed, which

raises the question of whether their low density is a

reasonable representation of the density of material

inside a moderately sized asteroid. In addition, they

have high water contents ($20%), whereas many of the

dark bodies, including Mathilde and Phobos, do not

have the characteristic absorption band of OH in their

spectra (Rivkin et al., 1997, 1999). We use the bulk

density of CM meteorites as a more likely analog for

dark, organic-rich material.

Second, are these meteorites still representative of that

asteroid’s material even after they have been ejected

from their parent bodies and delivered to Earth? By

using bulk rather than grain densities for the meteorite

analog, we are in effect subtracting the average

meteorite analog’s microporosity from the total porosity

of the asteroid. This assumes that the microporosity of

the meteorites today was already present when the

material was still emplaced in its parent body. Given our

discussion of the nature and origin of meteorite poro-

sity, we have confidence in this assumption, especially

for the well-studied ordinary chondrites and their

S-asteroid counterparts. For that case, we found that

the porosity is uniform across all types and meta-

morphic histories, and we deduced that it is due almost

entirely to post-formation shocks. Given the collision

environment of the inner asteroid belt, and the evidence

of extensive cratering on the surfaces of these asteroids,
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it is clear that they have continually suffered shock

events. There is a wide range of shock states among

different meteorites, even though all meteorites must

have experienced the similar shock of ejection from a

parent body and landing on Earth; obviously, the

meteorites were exposed to a long series of shock events,

of varying strengths, while still on their parent bodies.

Thus, it is unlikely that the porosity of meteorites
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Table 6. Asteroid bulk densities and macroporosities

Object Density

(g/cm3)

7 Mass (kg) a (AU) Asteroid

class

Meteorite

analog

Macro-

porosity

(%)

7 (%) Ref.

1 Ceres 2.12 0.04 9.45# 1020 2.77 C Dusty ice 0.0 2.5 1

2 Pallas 2.71 0.11 2.15# 1020 2.77 C CM 0.0 4.9 1

4 Vesta 3.44 0.12 2.74# 1020 2.36 V L Chon. 0.0 3.6 1

11 Parthenope 2.72 0.12 5.13# 1018 2.45 S L Chon. 19.0 3.6 2

16 Psyche 2.00 0.6 1.73# 1019 2.92 X/M Iron 73.3 8.0 3

20 Massalia 3.26 0.6 5.25# 1018 2.41 S L Chon. 3.0 17.9 4

22 Kalliope 2.03 0.16 7.36# 1018 2.91 X/M L Chon. 39.6 4.8 5

45 Eugenia 1.12 0.3 5.80# 1017 2.72 C CM 50.2 13.3 6

87 Sylvia 1.20 0.1 1.48# 1019 3.49 X/C CM 46.6 4.4 6

90 Antiope 1.25 0.05 8.30# 1017 3.15 C CM 44.4 2.2 7

107 Camilla 1.88 0.2 1.09# 1019 3.49 X/C CO 38.0 6.6 6

121 Hermione 1.10 0.3 5.40# 1018 3.45 C CM 51.1 13.3 6

243 Ida 2.70 0.4 4.20# 1016 2.86 S L Chon. 19.6 11.9 8

253 Mathilde 1.30 0.2 1.03# 1017 2.65 C CM 42.2 8.9 9

283 Emma 0.87 0.02 1.48# 1018 3.05 C? CM 61.3 0.9 6

379 Huenna 1.16 0.13 4.77# 1017 3.14 C CM 48.4 5.8 6

433 Eros 2.67 0.03 6.68# 1015 1.46 S L Chon. 20.5 0.9 10

617 Patroclus 0.80 0.2/0.1 1.36# 1018 5.23 P Dusty ice 51.8 12.0/6.0 11

762 Pulcova 1.80 0.8 2.70# 1018 3.16 F CM 19.9 35.6 12

3671 Dionysus 1.60 0.9/0.4 2.00# 1011 2.20 C CM 28.8 40/17.8 13

3749 Balam 1.20 0.6 1.50# 1014 2.24 S L Chon. 64.3 17.9 6

5381 Sekhmet 1.98 0.65 1.05# 1012 0.95 V? HEDs 34.0 21.7 14

25143 Itokawa 1.95 0.14 3.58# 1010 1.32 S L Chon. 42.0 4.2 15

1998 SM165 0.52 0.29 6.78# 1018 47.41 TNO Dusty ice 68.7 17.5 16

1991 VH 1.60 0.5 1.50# 1012 1.14 S L Chon. 52.4 14.9 17

65489 Ceto 1.38 0.7/0.3 5.42# 1018 102.63 Centaur Dusty ice 16.9 39.2/19.3 18

65803 Didymos 1.70 0.4 2.00# 1011 1.64 Xk CM 24.4 17.8 13

1999 KW4 1.97 0.24 2.33# 1012 0.64 S L Chon. 41.4 7.1 19

Pluto 1.92 0.12 1.31# 1022 39.48 TNO Dusty ice 0.0 7.2 20

136199 Eris 2.30 0.3 1.66# 1022 67.73 TNO Dusty ice 0.0 18.1 21

1996 FG3 1.40 0.3 2.10# 1012 1.05 C CM 37.7 13.3 22

2000 DP107 1.70 1.1 4.60# 1011 1.37 C CM 24.4 48.9 23

2003 EL61 3.00 0.4 4.20# 1021 43.34 TNO Dusty ice 0.0 24.1 24

29P/Borrelly 0.24 0.06 1.50# 1013 3.59 Comet Dusty ice 85.5 3.6 25

81P/Wild2 0.49 0.11 1.50# 1012 3.45 Comet Dusty ice 70.5 6.6 26

9P/Tempel 1 0.40 0.6/0.2 4.50# 1013 3.12 Comet Dusty ice 75.9 36.1/12.0 27

Average S 2.69 0.04 S L Chon. 19.9 1.2 1

Average C 1.40 0.05 C CM 37.7 2.2 1

Average M 4.7 0.5 M Iron 40 13 1

Charon 1.63 0.07 1.52# 1021 39.48 TNO Dusty ice 1.8 4.2 28

Deimos 1.34 0.83 1.36# 1015 C CM 40.4 36.9 29

Phobos 1.53 0.1 8.80# 1015 C CM 32.0 4.4 29

SL9 (pre 1990) 0.60 0.1 7.30# 1013 Comet Dusty ice 63.9 6.0 30

References: 1: Standish (2001); 2: Viateau and Rapaport (1997); 3: Viateau (2000); 4: Bange (1998); 5: Margot and Brown (2003); 6: Marchis et al.

(2005); 7: Descamps et al. (2007); 8: Petit et al. (1997); 9, 10: Yeomans et al. (1997, 2000); 11: Marchis et al. (2006); 12: Merline et al. (2002); 13:

Pravec et al. (2006); 14: Neish et al. (2003); 15: Abe et al., 2006; 16: Spencer et al (2006); 17: Rabinowitz et al. (2005); 18: Grundy et al. (2006); 19:

Ostro et al. (2006); 20: Buie et al. (2006); 21: Brown and Schaller (2007); 22: Mottola and Lahulla, 2000; 23: Margot et al. (2002); 24: Rabinowitz et al.

(2006); 25, 26: Davidsson and Gutiérrez (2003, 2006); 27: Richardson et al. (2007); 28: Person et al. (2006); 29: Smith et al. (1995); 30: Asphaug and

Benz (1996).
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resulted only from the shock event that ejected the

samples from the parent bodies into Earth-crossing

orbits (or, only from the shock of impact with the

Earth’s atmosphere and surface). At the very least, we

would argue that the shock of ejection from a parent

body and landing on Earth should not have produced

microcracks that were in any way substantially different

from microcracks already in place in the samples.

Rather, we conclude that the final shock events in the

transport of these meteorites to the Earth’s surface

merely redistributed microcracks already present from

continual episodes of shocking on the parent body.

These assumptions are less secure for the darker

C-type asteroids and their carbonaceous chondrite

analogs. In Table 6 and Fig. 7 we used the lower bulk

density of ‘‘wet’’ CM chondrites as our analog for these

asteroids; a higher-density CO-like bulk density would

result in even larger macroporosities than the already-

large values for most C-type asteroids (though such an

analog would not adequately reproduce their low

albedoes). On the other hand, if low-density C asteroids

are made of material like Orgueil and Tagish Lake, their

macroporosities could drop to about 20–30%.

Another standard assumption in this estimation is

that any asteroidal pore space is empty. If the pore

spaces were filled with some material such as water-ice,

the amount of pore space required to explain the low

bulk density of the object would increase dramatically.

In the case of a low-density object like 243 Mathilde

with a bulk density of 1.3 g/cm3, its bulk density is not

significantly higher than water-ice (at 0.97 g/cm3) and it

would require huge (i.e. 475% by volume) components

of water-ice to account for its low density given the grain

density of its meteorite analog (Britt and Consolmagno,

2000; Britt et al., 2002).

What can be said about the mineralogy and density of

comets? It is possible to estimate the grain density of a

comet from the materials seen in the coma, and

proportions estimated from models, but except for the

dust particles returned by Stardust actual samples that

unambiguously come from a comet are not available.

No meteorite has been linked convincingly with a

comet origin (Campins and Swindle, 1998; Swindle

and Campins, 2004). Clearly some interplanetary dust

particles (IDPs) have a cometary origin, but other IDPs

come from asteroids, and it is not clear which among the

wide range of IDPs best represents cometary material.

Some trends are present in the IDP data: meteors with

lower entry velocities are more likely to be hydrated and

more likely to have higher bulk densities, and so

presumably are more likely products of asteroids rather

than comets. But these trends all have exceptions; there

is no perfect correlation among entry velocity, density,

and chemical composition (Joswiak et al., 2007). Future

comet sample return missions may provide the missing

data. Nonetheless. the densities of the meteorites do put

limits on the likely range of materials to be found within

comets, because they are materials made in the same

solar nebula from the same cosmic abundances as the

non-icy material in comets: they are a ground truth for

what kind of chemical compositions (and physical

structures) this solar system’s nebula actually did pro-

duce. Using as a ‘‘best guess’’ that comets are roughly

equal volumes water-ice and organic material with a

CM-like density (since the rock is roughly twice as dense

as the ice, this is a mass ratio of about 2:1 rock to ice) we

can guess at a bulk density of about 1.6 g/cm3 for the

material likely to make up comets. (This density in fact

matches the smallest well-measured icy dwarf planet,

Pluto’s moon Charon, which presumably is large

enough to have zero macroporosity but small enough

to avoid significant internal compression.) When the

inferred density of comet nuclei are compared against

this bulk density, as we have done in Fig. 7, one can only

conclude that comet nuclei are extremely porous.

A number of other small body science questions

related to density and porosity can be stated, though

some are exceedingly difficult to address. For example,

what is the nature of asteroid and comet surface

material? Do asteroid spectra in the visible and near-

infrared, controlled by the optically active top few

microns of an asteroid, provide an accurate character-

ization of asteroidal material in general? By comparison,

we know that the top of the Moon’s surface is

characterized by ‘‘fines’’ that are highly porous, 50%

or more (Heiken et al., 1991). Some of its surface

material consists of interconnected bits of dust in a very

loose structure sometimes referred to as ‘‘fairy castle

structure.’’ Emery et al. (2006) proposed that a similar

structure could occur on the surfaces of asteroids and

comets. Modeling the infrared emission of dust from

comets (Lisse et al., 1998) indicates that a large number

of comet dust particles in space do have such a loose

structure; but most IDPs captured in the stratosphere do

not (Love et al., 1994). If even small IDP-sized particles

of very low density are affected by the filter of the

atmosphere, certainly meteorite-sized samples of such

material would not survive the filter of passing through

the terrestrial atmosphere at high speed.

One way to characterize the regolith of asteroids is to

measure the amount of power dissipated in radar waves

reflected off their surfaces. The power dissipated is

directly related to the amount of material encountered

by the radar wave, which penetrates to a depth

comparable to the radar wavelength (tens of centi-

meter). By assuming a meteorite analog for a given type

of asteroid, one can compare the measured grain density

of the analog material with the inferred bulk density of

the material encountered by the reflected radar wave, to

deduce the porosity of the regolith soil. Regolith

porosities for 36 main belt asteroids have been deduced

by this method. They range from 25% to 75% (Magri
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et al., 2001). No correlation of regolith porosity with

asteroid type or size is seen.

4.4. The stratigraphy of the solar nebula

In Fig. 8 we plot the macroporosities of the asteroids

measured to date as a function of their position in the

asteroid belt. Though there is significant mixing among

the types and macroporosities, one can see there a trend

of higher macroporosities to be found further out in the

asteroid belt. An understanding of this compositional

and density diversity in the asteroid belt and the rest of

the solar system small body population, as revealed by

comparison with their meteorite analogs, can be

approached by treating small bodies as a series of zoned

geologic units within a stratigraphic sequence starting at

the inner edge of the main asteroid belt and working

outward away from the Sun. These units have their

origins in the unique temperature and geochemical

conditions existing during condensation of the solar

nebula and the initial accretion of planets.

The idea of a chemically zoned solar nebula con-

trolled by proximity to the nascent Sun was first

elaborated by Urey (1952) and Lewis (1974); for a

review, see Barshay and Lewis (1976). An analysis of

asteroid spectral classes vs. their orbital locations

(Gradie and Tedesco, 1982; Cellino, 2000) shows just

such a distinct gradation of material types within the

asteroid belt as a function of distance from the sun: the

high-to-moderate-temperature silicate minerals are ob-

served to dominate the inner solar system at heliocentric

distances of less than approximately 2.5AU, while

lower-temperature carbonaceous minerals are common

in the cooler, outer regions of the solar system beyond

2.5AU. This is an important boundary since apparently

it marks the location where cooling temperatures

allowed carbon compounds to form. At about 3.5AU,

the nebula was cool enough to allow the formation of

water-ice. The transition between moderate and low-

temperature nebular condensates is apparently what is

seen in the zonation of the asteroid belt and the other

small bodies.

Beyond this general trend, in fact, a more detailed

compositional stratigraphy can be deduced from the

spectra of small bodies in the solar system. The

observation of asteroidal spectra groups shows, first,

an innermost major group of small bodies peaking at

about 2AU; these are the E class asteroids whose

meteorite analogs, the enstatite chondrites and achon-

drites, are composed of iron-free enstatite and unox-

idized iron–nickel, indicating formation under high-

temperature, relatively reducing conditions. So far, we

have no data on the densities, or inferred macroporos-

ities, of any E class asteroids.
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Fig. 8. Macroporosity of asteroids as a function of their

location in the asteroid belt. Note the trend toward higher

macroporosities at greater heliocentric distances. The S-type

asteroids (red) tend to be found more in the inner belt, and the

darker C-type bodies (black) further out, but there is

significant overlap. Likewise, S asteroids in the main belt tend

(with exceptions) to be have less macroporosity than the C

asteroids, but this trend does not hold among the near-Earth

population. Icy bodies and short-period comets, found in the

outer belt, tend to be very macroporous.

Fig. 7. Estimated macroporosity for a range of small bodies

including main belt asteroids, TNOs, near-Earth asteroids, and

comets. Asteroid macroporosity is estimated by subtracting

the average porosity of asteroid’s meteorite analog from its

bulk porosity. Since microporosity probably does not seriously

affect the structural integrity of small bodies, this is a direct

estimate of the large-scale fractures and voids that determine

the asteroid’s internal structure. Only the largest objects with

masses of over 1020 kg appear to be coherent and have low

macroporosity, whereas small bodies have substantial macro-

porosity. Adapted from Britt et al. (2002).
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The next major group out is the S class (along with

the smaller V, A, R, K, and M classes), thought to be

rich in the moderate-temperature silicates olivine and

pyroxene, and both large amounts of free iron–nickel

and iron oxides in the mineral phases, which indicate

more oxidizing conditions. The mineralogy of these

objects varies from almost pure olivine to almost pure

pyroxene. With this wide range of mineralogies comes a

wide range of meteorite analogs and possible formation

scenarios whose common theme is varying degrees of

post-accretional heating. The nebular geochemistry in

this zone was apparently dominated by olivine and

pyroxene chondrules with a strong admixture of Fe–Ni

metal, but essentially no water. Included in the S class

are undifferentiated but metamorphosed asteroids that

are the parent bodies of ordinary chondrite meteorites.

The typical macroporosity of S class asteroids ranges

from 20% to 30%, though exceptions (both lower and

higher) have been observed.

In addition to these familiar types there is also a range

of asteroids that did melt and differentiate. The

meteoritic/asteroidal materials include samples from

what is apparently the core (iron meteorites and at least

some M-class asteroids), the core-mantle boundary

(pallasite meteorites), the mantle (brachinite meteorites?;

A, S(I), S(II) class asteroids?), and the crust (HED –

howardite, eucrite, and diogenite – meteorites; V class

asteroids). Notably absent in our meteorite collection

are samples that would come from the dunite-rich

mantles of such differentiated asteroids yet can be

directly connected via chemical trends to the abundant

crustal basaltic meteorites; this has lent support to the

idea that most crustal meteorites (the interrelated HED

classes) come from a still-intact parent body (presum-

ably Vesta or smaller asteroids chipped from Vesta).

However, the presence of iron and stony-iron meteor-

ites, and of rarer basaltic meteorites that cannot be

easily connected to the HED classes, shows that other,

no longer intact, differentiated parent bodies must have

existed. The density of Vesta, and the chemistry of the

HED meteorites, is consistent with an L-chondrite

composition body that melted into a basaltic crust,

dunite mantle, and iron core. This would be a

differentiated body with zero macroporosity; in effect,

a dwarf planet. Macroporosities exist for two M-class

asteroids, but their identification as being metallic is not

certain; if so, they would be extremely macroporous (on

the order of 70%).

Another small asteroid class in this zone are the K

asteroids, which have the CV and CO carbonaceous

chondrites for meteorite analogs. They are metamor-

phosed, anhydrous carbonaceous chondrites low in

carbon. Their presence here fits well into the pattern

of higher temperature pre- and post-accretionary

processing in this zone. As we have argued above, the

grain densities of most of these meteorite types do not

vary much from a value of about 3.5 g/cm3. However, to

date we do not have densities for any of these asteroids.

Peaking at around 3AU are the dark asteroids of the

B, C, F, and G classes whose meteorite analogs are the

dark CI or CM carbonaceous chondrites. This area

represents a major transition in small body mineralogy

to less free metal, more oxidized silicates, important

low-temperature carbon minerals, and significant amo-

unts of volatiles such as water. The spectral differences

between these classes are thought to represent varying

histories of aqueous alteration or thermal metamorph-

ism; the CI carbonaceous chondrites are rich in water,

clay minerals, volatiles, and carbon and represent

primitive material that has been mildly heated and

altered by water. This zone starts the area where ices

were stable during accretion and some ice was incorpo-

rated into these parent bodies; the post-accretionary

heating was strong enough to melt at least some of the

ices and produce the movement of aqueous fluids and

the breakdown of some minerals into hydrated clays.

The macroporosity of asteroids in this class tends to

range from 30% to 60%.

The P asteroids peak at about 4AU, and the D

asteroids at 5.2AU. Water of hydration (which is what

is responsible for much of the low density of the CI and

CM meteorites) is absent; this material was presumably

too cold for any ice to have melted and reacted with the

non-ice phases (Lebofsky et al., 1990). However, at this

solar distance, frozen volatiles (mostly water-ice) would

compose about one-third of mass with the rest being in

the form of loosely packed, low-temperature materials

such as carbon compounds, complex organics, fine-

grained silicates, and water-ice. Thus their grain

densities should be even lower than the 2.4–2.8 g/cm3

of the CI and CM meteorites. Indeed, the spectral

characteristics of these asteroids are difficult to duplicate

with material that is delivered to the inner solar system.

Delivery of meteorites from this zone is problematic

because of the proximity of Jupiter, the existence of a

number of resonance zones between the outer asteroid

belt and the inner planets, and the distance involved. By

far the most likely outcome for a perturbed P or D

asteroid is gravitational interaction with Jupiter that

ejects it into the Oort cloud, the home of long-period

comets, and these ‘‘asteroids’’ may share characteristics

with long-period comets, perturbed from the Oort cloud

back into the inner solar system. What data we have on

bulk density for objects in this zone (the Jupiter Trojan

object 617 Patroclus, at 0.870.2 g/cm3 [Marchis et al.,

2006]) do point to similarities with comets. Comparing

that density against an inferred 1.5–2 g/cm3 density for

the solid matter of which is it made implies a 45–60%

macroporosity in this region.

The final small body zone (sometimes referred to as

the Kuiper Belt or Edgeworth-Kuiper Belt) is that of the

TNOs. This is the source region for the short period
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Jupiter-family comets. In many ways, studies of the

TNOs today are at the same stage where asteroid studies

were in the 1970s. Because of their faintness, spectra can

be found for only the largest of objects; a more general

classification must be based on broad-band colors. The

first efforts have been made toward such a classification

(Fulchignoni et al., 2003), and Tegler et al. (2003) have

noted a possible relationship between TNO colors and

orbital properties consistent with a primordial thermal

gradient in the region where they were formed.

However, it is clear that this region is not without its

complexity. Among those objects large enough for

spectra to have been taken (Roush et al., 1996; Brown

et al., 2005; Licandro et al., 2006; Tegler et al., 2007,

2008), some of them such as Pluto, Eris, and dwarf

planet 2005 FY9 show the strong absorption bands of

methane ice while others, including Pluto’s moon

Charon and the dwarf planet 2003 EL61, do not. The

reason for this difference is still not clear. Likewise,

there are notable differences observed in color, albedo,

and the presence or absence of binaries between TNOs

in dynamically perturbed vs. unperturbed orbits (cf.

Noll et al., 2007 and references therein).

Recent dynamical studies (Bottke et al., 2002; Levison

and Morbidelli, 2003; Morbidelli et al., 2007) suggest

that TNOs are the remnants of bodies that formed

outward of the accreting gas-giant planets and were

likely ‘‘pushed’’ into their present position in the so-

called Kuiper belt by the outward migration of Saturn,

Uranus and Neptune. As such, TNOs are currently

about 8–10AU farther out from the Sun than where

they originally formed. Indeed, the TNOs are probably

more primitive and low-temperature than the far more

distant Oort cloud long-period comets; this is a case

where the stratigraphy of the solar system was

‘‘inverted’’ by the action of Jupiter gravitationally

perturbing nearby small bodies into the Oort cloud at

the very edge of the solar system. (By conservation of

angular momentum, this would also have moved Jupiter

inwards toward the Sun, in the process allowing its

resonances to sweep through the outer asteroid belt and

efficiently depopulate that region.)

Given the location of their origin, these bodies should

incorporate a range of exotic volatiles including nitro-

gen, methane, ethane, and CO2 ices and clathrates,

along with abundant water-ice. Spectral and broad-

band color data indicate that at least some of the

surfaces are rich in organic materials as well as water-ice

and crystalline silicates. Like the Jupiter zone objects,

these small bodies are probably composed of carbon

compounds, complex organics, fine-grained silicates,

and water-ice, with a larger proportion of exotic low-

temperature volatiles although, as noted above, a wide

variety of compositions can be expected from object to

object. While the largest TNOs such as Pluto and Eris

have bulk densities of $2.0 g/cm3, many of the smaller

TNOs share the extremely low densities of the comets

(TNOs 47171 [1999 TC36] at 0.570.3 g/cm3 [Stansberry

et al., 2006]; 26308 [1998 SM165] at 0.5270.29 g/cm3

[Spencer et al., 2006]). Assuming an equilibrium between

shape and spin rate, Tegler et al. (2005) proposed a

density for Centaur 5145 Pholus at 0.570.2 g/cm3, and

Consolmagno et al. (2006b) argued on the basis of spin/

shape statistics that TNOs in general should average a

density near 0.5 g/cm3. Lacerda and Jewitt (2007) have

come to similar conclusions based on light curves for

other TNOs. (Since even a small amount of internal

strength can complicate the derivation of density from

shape and rotation rate, these proposed density values

are less robust than those tabulated in our Table 6.)

Note, however, that Centaur 65489 Ceto/Phorcys, a

close binary, has recently been shown to have an inter-

mediate density of 1.37+0.66/"0.32 g/cm3 (Grundy

et al., 2007]). Given the ‘‘grain densities’’ of the ices

and carbon-rich dust which make up these comets, their

having bulk densities in this range means that they must

have macroporosities of approximately 60–80%.

TNOs presumably do not contribute to the meteorite

collection, but since they supply the Jupiter-family

comets, samples of cosmic dust and the recent Stardust

comet coma sampling mission shed light on some of

their mineralogical trends. These objects are probably

very loose collections of weakly aggregated ices and

dust. The dust includes not only the carbon compounds

associated with primitive materials, but also pre-solar

grains and high-temperature silicates formed in the

hotter regions of the solar system. Results from the

Stardust mission show that crystalline silicates are

abundant in cometary dust, and recent modeling work

indicates that outward transport of high-temperature

materials can occur near the mid-plane of nebular disks.

This transport can easily mix dust silicate materials that

have been heated, melted, or annealed in the inner

regions of the solar nebula with hugely dissimilar

materials including ices and pre-solar grains. One can

envision that these materials then accreted in the outer

regions of the nebula, with their very low relative

velocities and low temperatures producing a very under-

dense fairy castle structure that could produce cometary

and TNO porosities of 70% or more.

Note that in general, macroporosity does appear to

increase as one travels further from the Sun (see Fig. 8).

Likewise, the meteorites thought to come from the outer

part of the asteroid belt, the carbonaceous chondrites,

are on average more than twice as porous as the

meteorites from the inner belt. One can envision a solar

nebula where distance from the sun not only controls

the composition of the material accreting into planets,

but the physical nature of that material. In the inner

nebula, the region that eventually produced the aster-

oids of the inner belt, physical conditions promoted the

transformation of dusty aggregates into well-lithified
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fragments which themselves may have experienced

subsequent fracturing and possible catastrophic disrup-

tion and reaccretion. Further out, extremely high

macroporosities are the rule.

Do the TNOs and Oort-cloud comet nuclei represent

primordial, highly uncompressed dust aggregates dating

from the initial phases of the solar nebula? Or are they

re-processed, highly pulverized bodies? Or does their

high macroporosity suggest that they were originally

formed with some primordial ice of high abundance and

extremely high volatility, perhaps pure methane ice, that

has since sublimated and escaped? Curiously, our study

of meteorite density and porosity has ultimately led us

to raise such new and intriguing questions about the

structure of bodies which no meteorites themselves have

sampled.

5. Summary and conclusions

Non-destructive, non-contaminating, and relatively

simple procedures can measure the bulk density, grain

density, and porosity of meteorites. Such measurements

provide important clues to the nature of the physical

processes that formed and evolved both the meteorites

themselves and their parent bodies. The best-studied

group of meteorites are the ordinary chondrites; on the

basis of several hundred measurements one can con-

clude that the porosity of all these samples average just

under 10% (for unweathered falls), for both brecciated

and unbrecciated samples, across all metamorphic

grades, all shock states, and all classes (though the L

chondrites may be a few percentage points less porous,

on average, than the H and LL types). In these

meteorites, the porosity appears to result from the

passage of shocks through the samples; little or none of

the porosity in most ordinary chondrites is due to

incomplete compaction of the primordial material. By

contrast, most carbonaceous meteorites are much more

porous, typically 20% or higher. The location and

nature of this porosity is still not clear, as much of it is

not easily visible in electron microscope backscatter

images. Exceptions to this high porosity rate among

carbonaceous meteorites are in CO finds and reduced

CV meteorites, although these trends are based on only

a handful of measurements so far. No robust statements

can be made yet for the other types of meteorites,

because too few have been measured systematically.

Compared to the meteorites, the bulk densities of

most small solar system bodies indicates that they must

have extensive macroporosity, with interiors that are

either significantly fractured or piles of rubble. Typical

S-type asteroids range from 20% to 30% macroporous;

darker C-type asteroids can be 40–60% macroporous;

and icy bodies such as comets and small TNOs may be

as much as 85% macroporous. This range of interior

structures, where macroporosity appears to increase

with distance from the sun, combined with the well-

known compositional zoning in the asteroid belt

(ranging from S to C to icy as one goes further away

from the sun) provides insights into the nature of

accretion and collisions in the early solar system.

Future work in meteorite density and porosity, and its

possible implications for our understanding of solar

system evolution, will occur in four general areas. Most

clearly, the first task is to collect more data on more

types of meteorites currently undersampled. Many more

samples of C and E chondrites, all kinds of achondrites,

and stony-iron (especially mesosiderite) meteorites must

be measured to confirm the trends hinted at in the data

so far and to unveil new systematic trends. But even

among the ordinary chondrites, more data need to be

taken on samples with shock states of 1, 5 and 6,

petrographic grade 3, and multiple samples at a variety

of sizes for meteorite showers.

The second direction of future research will be to

determine exactly where the porosity is located in

meteorites other than the ordinary chondrites. Is it

correct to assume that the enstatite chondrite and

primitive achondrite porosity is also due primarily to

shock-induced microcracks? Do many achondrites have

vesicles unseen by helium pycnometry? Where is the

porosity of highly porous carbonaceous chondrites

and low-shock ordinary chondrites located? In con-

nection with this task will be understanding exactly

what happens, both chemically and physically, in the

terrestrial weathering of meteorites that do not have

abundant metallic iron, such as the already oxidized

carbonaceous meteorites or the essentially metal-free

basaltic achondrites.

The third goal is to understand the formation and

evolution of the fabric of the meteorites themselves.

What turned the dust in the gas of a solar nebula into

the well-compacted rocky material that directly, or in

the form of relithified breccias, makes up the ordinary

chondrites? Did carbonaceous chondrites experience a

different lithification history? In order to test theories of

lithification, we need to have theories to test. While the

lithification of breccias is well understood (Bischoff et

al., 1983) the earlier process of turning dust into rock is

still a very open question. Sandstones, perhaps our best

terrestrial analogy for the physical structure of chon-

drites, are lithified as a result of high pressures, high

temperatures, or the action of water; but the environ-

ments where meteoritic material could experience any of

these conditions is highly limited. Clearly impacts can

provide both heat and pressure, and thus the lithifica-

tion environment may well be tied to the collisional

environment of the parent bodies. Thus our discussion

of the ‘‘stratigraphic sequence’’ of asteroid compositions

and physical structure may well be tied into variations in
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both the degree and nature of the lithification processes

among the different meteorite classes.

In this review we have emphasized connecting the

physical nature of meteorites with the physical nature of

their parent bodies to deduce a stratigraphic sequence

within the small body population of the solar system

and, by inference, infer the nature of events in the solar

nebula which could account for that sequence. This

choice of emphasis arises from the authors’ own

background as both geologists and astronomers; and

our interpretation of those deductions is still at a very

early stage. But we wish to emphasize that meteorite

density and porosity measurements also have other

significant implications for the understanding of indivi-

dual meteorite parent bodies. Are all asteroids ‘‘rubble

piles’’ or are some merely highly fractured coherent

bodies? Is the high macroporosity seen in outer solar

system bodies a primordial artifact of an incompletely

lithified dusty accretion? Our conclusion that the

ubiquitous porosity (in ordinary chondrites at least) is

primarily due to shock events should also lead impact

modelers to think more deeply about how shock waves

are emplaced and transmitted in what are, today, highly

macroporous parent bodies.

Our stratigraphic sequence itself is based on com-

position and density data for the asteroids that are

still highly uncertain. Future work, both ground and

spacecraft based, will be needed to expand and im-

prove these data. Thus we look forward to the results

of missions such as the Dawn, Rosetta, and New

Horizons, and spacecraft still to be planned and

launched. But we note that interpreting the results of

those spacecraft will continue to require careful mea-

surements of meteorite samples, already in our collec-

tions, here on Earth.
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